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SUMMARY 
High pressure processing (HPP) as an emerging non-thermal technology has been 
investigated to replace or complement conventional treatments employed in food processing. 
Key objectives of the application of high pressure processing in the food industry are 
microbial safety, enzymatic inactivation and improved quality of foods in terms of sensory 
and nutritional characteristics. In this study, the effect of industry-relevant high pressure 
processing (600 MPa for 15 min at ambient temperature) on the conformational and structural 
functionality of globular protein systems was investigated and results were contrasted with 
conventional thermal treatments. Three globular proteins of varying complexity and source 
were studied, i.e. bovine serum albumin (BSA), soy glycinin (11S) and ovalbumin. Work was 
extended to high solid protein systems (up to 80%, w/w) through thermomechanical and x-ray 
diffraction observations to understand the network and molecular vitrification behavior. 
Micro-differential scanning calorimetry and deconvoluted FTIR spectra further identify the 
effect of high pressure processing on the molecular architecture of dilute, semi-dilute and 
condensed protein systems. 
Bovine serum albumin was the first system to be studied. Work dealt with the 
structural and conformational changes of the protein molecule from low to high-solid 
preparations (10 to 80% w/w) being subject to pressurisation in comparison to thermally 
treated materials up to 85 °C for 20 min. The protein exhibits pressure stability throughout the 
experimental concentration range by conserving its native conformation, which results in 
cohesive structure formation observed by the various experimental techniques. Application of 
the combined WLF/free volume theoretical framework demonstrates that pressurized BSA 
systems are able to form a bio-glass upon cooling at subzero temperatures.  
The next piece of experimental work in the Thesis is devoted to soy glycinin with a 
view to examining its macro and micromolecular properties following application of high 
pressure, as compared to heat treatment. Pressure treated assemblies of condensed soy 
glycinin (70 and 80%, w/w solids) maintain their native conformation matching that of the 
non-treated counterparts, whereas the secondary conformation of soy glycinin at low to 
intermediate solid levels (30 to 60%, w/w) has been irreversibly affected with pressurization. 
At the high solids regime, glassy consistency was treated with theoretical frameworks from 
the synthetic polymer research to pinpoint the network glass transition temperature (Tg) of 
glycinin upon cooling to subzero temperatures. 
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Micro-DSC and deconvoluted FTIR spectra argue that disulfide bonds are involved in 
the pressure stability of globular proteins, with BSA, which consists of a sequence of 
seventeen disulfide bridges, maintaining native morphology. Soy glycinin with twelve 
disulfide linkages shows considerable molecular unfolding at low to intermediate levels of 
solids (up to 60%, w/w), whereas whey protein with two disulfide bonds in the beta-
lactoglobulin molecule is the most affected globular protein under pressure (data on whey 
protein were obtained from literature for the purpose of comparison). 
In the third part of this research, understanding the structural and micromolecular 
aspects of the ovalbumin molecule was pursued under high pressure and thermal processing. 
Experimental data from micro-DSC and deconvoluted FTIR spectra argued for significant 
changes in molecular architecture at low solids content (10 and 20%, w/w), with 
pressurisation resulting in complete denaturation and significant drop in the intensity of β-
sheet in the secondary structure of the molecule. At higher solids content, however, there is 
increasing retention of native morphology in pressure treated systems. In addition, a structural 
investigation at subzero temperatures using small deformation dynamic oscillation in shear 
provided information on the network properties of ovalbumin gels at 80% (w/w) solids, as 
compared to thermally treated counterparts. 
To rationalise the structural behavior of ovalbumin in relation to other globular 
proteins in this investigation, additional effects were noted based on the concept of surface 
hydrophobicity of the globular molecule. Ovalbumin with one disulfide linkage has a 
hydrophobicity value (So) of about 100, which is within the range of BSA (So ~ 2200) and 
whey protein (So ~ 35). Its extent of denaturation falls between that of BSA (effectively no 
effect) and whey protein (complete denaturation up to 70%, w/w, solids). Outcomes of the 
physicochemical part of this work strongly indicate the presence of a complex molecular 
process, where the formation of disulfide linkages and surface hydrophobicity characteristics 
act cooperatively to determine structural response to the application of high pressure, hence 
bio- and technofunctionality of the globular protein.   
In the fourth and last experimental part of this Thesis, work builds on the advance 
achieved by the physicochemical studies to look at the survival rate of foodborne pathogens 
(Staphylococcus aureus, Bacillus cereus and E. coli) and the proteolytic activity of 
degradative enzymes from Pseudomonas fluorescens strains 73 and 113, in order to address 
aspects of food safety in materials incorporating these protein pastes as a functional 
ingredient. Application of high pressure was kept as before (600 MPa for 15 min at room 
temperature) to document a considerable drop in microbial counts with increasing level of 
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solids from 10 to 80% (w/w) in preparations. Further, reduction in enzymatic activity of 
pressurized materials was comparable to that from the thermally treated counterparts. Increase 
in surface hydrophobicity prevents the formation of a hydration layer around the globular 
molecule and minimises the transportation of water molecules to the interior of the protein, 
which is the molecular mechanism of pressure induced denaturation. In agreement to that, soy 
glycinin (So ~ 2.5) has a relatively high water holding capacity, being more hydrophilic than 
BSA and ovalbumin, leading to more extensive denaturation and microbiological or protease 
activity in preparations.    
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atmospheric pressure and master curve of reduced shear modulus (c)  [G'p () 
and G"p ()] as a function of reduced frequency of oscillation (ωaT); the 
lowest curve was taken at 15 °C (), other curves successively upward 11 
(), 7 (), 3 (), -1 (), -5 (), -9 (▲), -13 (∆), -17 (), -21 (), -25 (), 
-29 (), -33 () and -37 (▬) °C; master curve were plotted using the 
frequency sweeps acquired at the range of -37 to 15 °C.  
Figure 5.8 Frequency variation of G' (a) and G" (b) for 80% ovalbumin samples 
pressurized at 600 MPa for 15 min and master curve of reduced shear modulus 
(c)  [G'p () and G"p ()] as a function of reduced frequency of oscillation 
(ωaT); the lowest curve was taken at 18 °C (), other curves successively 
upward 14 (), 10 (), 6 (), 2 (), -2 (), -6 (▲), -10 (∆), -14 (), -18 
() and -22 () °C; master curve were plotted using the frequency sweeps 
acquired at the range of -22 to 18 °C.  
Figure 5.9 Temperature variation of factor αT within the glass transition and glassy state 
for atmospheric (,) and pressurized (▲,∆) sample of 80% ovalbumin, with 
the solid lines reflecting the WLF and modified Arrhenius fits of the shift 
factors in the glass transition region and glassy state, respectively (solid line 
and dashed line pinpoints the Tg prediction). 
Figure 6.1 SDS-PAGE of a) extracted soy glycinin, b) extracted ovalbumin, and c) crude 
proteases from Pseudomonas fluorescens 79 and 113. 
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Figure 6.2 Activity and growth of Staphylococcus aureus at atmospheric (open symbols) 
and pressurized (closed symbols) soy glycinin (,), BSA (,) and 
ovalbumin (∆,▲) systems as a function of protein concentration. 
Figure 6.3 Activity and growth of Bacillus cereus at atmospheric (open symbols) and 
pressurized (closed symbols) soy glycinin (,), BSA (,) and ovalbumin 
(∆,▲) systems as a function of protein concentration. 
Figure 6.4 Activity and growth of E. coli at atmospheric (open symbols) and pressurized 
(closed symbols) soy glycinin (,), BSA (,) and ovalbumin (∆,▲) 
systems as a function of protein concentration. 
Figure 6.5 Leucine-Glycine dipeptide standard curve for the fluorescamine assay. 
Figure 6.6 Changes in free amino groups of native (), and atmospheric (open symbols) 
or pressurized (closed symbols) BSA with 0.1% (w/w) crude protease from 
Pseudomonas fluorescens strains 79 (,) and 113 (∆,▲) at 25 °C as a 
function of protein concentration. 
Figure 6.7 Changes in free amino groups of native (), and atmospheric (open symbols) 
or pressurized (closed symbols) soy glycinin with 0.1% (w/w) crude protease 
from Pseudomonas fluorescens strains 79 (,) and 113 (∆,▲) at 25 °C as a 
function of protein concentration. 
Figure 6.8 Changes in free amino groups of native (), and atmospheric (open symbols) 
or pressurized (closed symbols) ovalbumin with 0.1% (w/w) crude protease 
from Pseudomonas fluorescens strains 79 (,) and 113 (∆,▲) at 25 °C as a 
function of protein concentration. 
Figure 7.1 Extent of denaturation in pressurized whey (▲), BSA (∆), soy glycinin () and 
ovalbumin () systems  
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CHAPTER 1  
INTRODUCTION  
 
1.1 High pressure processing  
 
Thermal processing is used widely for food preservation, but can alter the nutritional 
and sensory qualities of food. Increasing consumers’ demand for fresh-like quality foods and 
the quest for energy conservation by the manufacturers to reduce carbon footprint have 
ushered in the development of innovative non-thermal food processing technologies. These 
include high hydrostatic pressure, ultrasound processing, high-intensity light pulses, 
antimicrobial chemicals, electric or magnetic fields, ionizing radiation, pulsed electric field 
and lytic enzymes (Castro et al., 2001). High pressure processing (HPP) has traditionally been 
used in the production of ceramics, steels, superalloys and synthetic materials, but the 
technology is of increasing interest in foods both on scientific and technological grounds.  
Scientific approaches to HPP application in food was reported by Hite (1899) on the 
shelf-life extension of milk, fruits and vegetables. In 1914, Bridgman observed that egg white 
coagulated at 5000 to 7000 kg/cm2. Afterwards, Suzuki (1960) reported the combined effect 
of pressure and temperature on the kinetics of ovalbumin and carbonylhemoglobin 
denaturation. However, technological disadvantages and the prohibitive cost of using high 
pressure prevented the food industry from recognising its potential application until the 
middle of the 1980s when Japan applied high pressure for the first time to food manufacture. 
HPP is today a widely used processing method in the food industry in USA, Mexico, Spain 
and Australia (Otero and Sanz, 2003; Yuste et al., 2001). 
A current definition dictates that “HPP is the technology by which a product is treated 
at or above 100 MPa”. HPP is considered to be promising in maintaining or improving 
structural functionality, sensory or nutritional quality, and ensuring safety and stability of 
perishable food products (Deliza, et al., 2005). In high pressure processing, liquid and solid 
foods, with or without packaging, are subjected to pressures with process temperatures from 
above 0 °C to below 100 °C for a few seconds to over 20 min. Industrial interest is within the 
range of 400 to 600 MPa (Butz and Tauscher, 2002; San Martin et al., 2002). Some 
commercial applications of HPP in food technology are shown in Table 1.1. 
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Table 1.1 Examples of commercial HPP applications (Caner et al., 2004) 
Product Process condition 
Jam, fruit jelly, fruit sauce topping 400 MPa, 10-30 min, 20 °C 
Grapefruit juice 120-400 MPa, 2-20 min, 23 °C 
Mandarin juice 300-400 MPa, 2-3 min, 20 °C 
Orange juice 500 MPa, 5-10 min, cycles plus 1 min hold 
Apple and cranberry juices 689 MPa, 1s, 60 °C 
Minced beef muscle 330-360 MPa, 10-30 min 
Tenderized beef 100-150 MPa, 30-40 min, 20 °C 
Banana puree  517-689 MPa, 10 min 
Pineapple puree  200-340 MPa, 5-15 min 
 
The effects of high pressure have been reported on four main areas: microorganisms, 
enzyme activity, proteins and phase changes. Fundamentally, the applied pressure and the 
holding time depend on the type of product treated and the expected final result. For example, 
enzyme inactivation requires using higher pressures than those used for microbial inactivation 
(San Martin et al., 2002). HPP could conserve food quality properties such as colour, flavour 
and nutritional values due to its limited effects on covalent bonds. In a study carried out by 
Oey et al. (2008), high pressure sterilization has been introduced and suggested as a food 
preservation technology for spore inactivation and sterilization processing at elevated 
temperatures. HPP technology has recently attracted attention for modifying macromolecules 
arrangements such as protein denaturation, starch gelatinisation, or other interactions between 
food ingredients (Devi et al., 2013). 
Unlike heat transfer during industrial processing at atmospheric pressure, high 
pressure is the same in all directions at a certain position and time. Depending on the level of 
used pressure, products are compressed three-dimensionally up to 12% (Caner et al., 2004). 
Pressure is independent of product size, shape and composition with the ability to transmit 
uniformly and instantaneously through the transferring medium (Oey et al., 2008). Uniform 
pressure transmission and energy efficiency are the advantages of high pressure processing as 
contrasted with heat processing leading to substantial differences in product consistency 
between the two techniques (Yuste et al., 2001). Upon heat treatment, thermally labile 
vitamins, flavour and taste components are destroyed. Furthermore, undesirable compounds 
derived from Maillard reaction appear during heat processing. In proteins, heat is readily 
transferred to the central part of the molecule to disrupt the covalent bonds. In contrast, 
hydrostatic pressure induces protein denaturation via less drastic changes such as disruptions 
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in hydrophobic interactions (Hosseini-Nia et al., 2002). Pressure-denatured proteins, unlike 
heat-denatured proteins, maintain a compact structure with water molecules penetrating their 
core (Hummer et al., 1998).  
High hydrostatic pressure, alone or in combination with moderate heat treatment, has 
been demonstrated to attain high quality and micro-biological stable products (Deliza et al., 
2005). However, compression increases the temperature of food approximately 3 °C per 100 
MPa, which may lead to some thermal destabilisation during compression. This phenomenon 
is due to establishing relatively small thermal gradients in the product with compression (Butz 
and Tauscher, 2002; Otero and Sanz, 2003). According to the principle of Le Chatelier, 
“under equilibrium conditions, a process associated with a decrease in volume is favoured by 
pressure, and vice versa” (Murchie et al., 2005). In these conditions, the interactions among 
biomolecules, such as hydrogen and hydrophobic bonds, electrostatic interactions and saline 
bridges, are modified resulting in a positive or negative volume change (Yuste et al., 2001). 
Butz and Tauscher (2002) asserted that an increase in pressure leads to a change in the rate of 
physicochemical reactions, which is not as much as the temperature effect. The following 
standard equations define the reaction volume, ∆V, and the activation volume, ∆V‡: (Jonas 
and Jonas, 1994): 
 
         ∆ܸ = 	− ቂோ்డ ୪୬௄
డ௉
ቃ
்
 , ∆ܸ ‡	= 	−	ቂோ்డ ୪୬఑
డ௉
ቃ
்
,         (1.1) 
 
where, K is the equilibrium constant, T is the temperature, P is the pressure and κ is the 
reaction rate. With the knowledge of ∆V and ∆V‡: values, a conclusion can be driven about 
the nature of the reaction and its mechanism. Application of elevated pressures on reactions 
such as hydrogen bond formation, hydrophobic interactions or van der Waals forces causes a 
shift of the equilibrium to the product side with the lowest overall volume (Hummer et al., 
1998; Knorr et al., 2006). 
 
1.2 High pressure processing systems 
 
1.2.1 High hydrostatic pressure equipment 
 
HPP treatment can be applied via batch or semi-continuous systems. Batch systems 
are traditionally used for pressurization of liquid and solid food products, while 
semicontinuous systems can only be used for fluids (Anstine, 2003). Principally, a HPP 
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system involves the pressure vessel, a pressurization system, devices for heating/cooling 
systems, and product handling devices (San Martin et al., 2002). Pressure vessels and the high 
hydrostatic pressure generating pumps or pressure intensifiers are the key HPP equipment 
technologies (Torres and Velazquez, 2005). The outer cylinder of a pressure vessel may be 
wire wound or encapsulated in a liquid layer. The industrial equipment used at present are 
discontinuous (batch processing) with capacity of 10 to 500 L, and semicontinuous (bulk 
processing) with 1 to 4 ton/ h of production for solid, viscous, and particulated foods (Yuste et 
al., 2001).  
The inner cylinder and all parts exposed to water or food are made of stainless steel to 
avoid corrosion. Figure 1.1 shows high pressure processing equipment. Oil at 20 MPa is fed 
in the high pressure side of the main pump piston displacing into the high pressure vessel 
purified water at 600 MPa. The main piston reaches to the end of its displacement and 
reverses, then high pressure oil is fed to the other side of the main piston and the high 
pressure fluid exists on the other side of the pump. The rate of compression is directly 
proportional to the horsepower of the pressure pump driving the intensifier. A 100-
horsepower pump can bring a 50-liter vessel to an operating pressure of 680 MPa in 3-4 min. 
When the process time is complete, the pressure relief valve is opened and the water used for 
compression is allowed to expand and return to atmospheric pressure (Torres and Velazquez, 
2005). 
In high pressure processing, it is very important for a packaging material to be flexible 
enough to defy the compression forces. In addition, heat sealability and maintenance is 
required to preclude following recontamination of the food. Thus, flexible plastic structures 
are best-suited for processing pre-packaged foods by HPP, due to their resilient elastic 
behavior. Metal cans, glass bottles or paperboard-based packages are not recommended 
because of their tendency to deform (Caner et al., 2004). 
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Figure 1.1 High hydrostatic pressure equipment: (a) pump/intensifier, and (b) monoblock 
casting technology for moderate pressure/size vessels and wire-winding 
technology for vessels used in larger size and higher pressure applications (Torres 
and Velazquez, 2005). 
 
1.2.2 High pressure-temperature and high pressure-cold pasteurization 
  
Over the past two decades, high-pressure food processing has been investigated as a 
preservation method to change the physical and functional properties of food systems 
(Cheftel, 1992; Cheftel, 1995; Knorr et al., 1998; Farkas and Hoover, 2001). Most of high-
pressure applications in food are not only pressure dependent but also temperature dependent 
as HP-cold pasteurization or HP-temperature pasteurization protocols. The control of 
temperature is an important factor for the industry to avoid altering some properties, such as 
protein stability, fat migration, gelification or crystalline state, and to assure uniform 
distribution of pressure for microbial and enzyme inactivation processing (Kolakowski and 
Cheftel, 2001; Otero and Sanz, 2003).  
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In order to determine the denaturation process of pressure-induced proteins, a 
pressure-temperature (P-T) phase diagram has been suggested (Figure 1.2). The phase 
diagram specifies the pressure-temperature area in which the native structure of protein does 
not change. One of the practical consequences of P-T diagrams is the stabilisation of food 
systems against heat or pressure denaturation (Heremans, 2002). The boundary conditions for 
denaturation follow a characteristic ellipsoidal shape with three zones. Zone I is an area below 
the temperature corresponding to the maximum transition pressure, in which protein 
denaturation occurs at lower pressures using lower temperatures. Zone II is an area below the 
maximum transition temperature, in which protein denaturation occurs at lower temperatures 
using higher pressures. Zone III is an area at high temperatures, in which an increase in 
denaturation temperature is found with increasing pressure (Messens et al., 1997; Heinish et 
al., 1995). Pressure is able to stabilize some proteins against heat denaturation in a restricted 
range of temperature. Thus, P-T diagrams can illustrate the regimes where a loss of protein 
native structure or enzymatic activity will occur (Kolakowski and Cheftel, 2001; Suzuki, 
1960).  
High pressure processing at low temperature (HP-LT) is of interest for the food 
industry due to higher microbial inactivation at low or sub-zero than at ambient temperatures 
and retaining most of the original physicochemical and sensory properties for the product 
(Dumay et al., 2006). Much work has been conducted in the development and optimisation of 
HP-LT processes regarding food systems. Rastogi et al. (2007) discussed the effect of high 
pressure on food constituents such as enzymes and proteins, either solely or in combination 
with other processing techniques. Luscher et al. (2005) investigated the impact of HP-LT on 
cell membranes and physicochemical properties of potato tissue, with the results 
demonstrating an increase in cell lysis and improvement in texture, color and visual 
appearance compared to conventional processing. Otero et al. (1998) reported the 
microstructural damage of eggplants frozen by conventional air freezing, as compared to 
pressure-shift freezing that produced better product consistency. In that investigation, the 
pressure-shift frozen samples had the appearance of fresh samples, and no differences 
between centre and surface cell structure were observed, indicating uniform nucleation.  
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Figure 1.2 General scheme of the pressure-temperature phase diagram of proteins (Messens et 
al., 1997). 
 
1.3 Globular proteins 
 
1.3.1 Structure and the native state 
 
Globular proteins or spheroproteins are "globe"-like proteins that are more or less 
soluble in aqueous solutions. Native state of globular proteins is thermodynamically stable in 
certain ranges of temperature, pH, ionic strength, and pressure, but they unfold (denature) 
when subjected to changing environmental conditions. Globular proteins comprise a core with 
solid-like packing and a surface with liquid-like characteristics, presenting an ample 
collection of motions that are critical for protein function (Lopez et al., 2008; Karplus et al., 
1981).  
The secondary structure of proteins is classified as follows: α-helices, β-sheets 
(“regular” structures) and reverse turns (“nonregular” structures). Regular structures contain 
repeating main-chain torsion angles with a periodic pattern of hydrogen bonding in the 
backbone. In contrast, nonregular structures are constructed by nonrepeating backbone torsion 
angles and one internal N-H···O=C hydrogen bond. Remaining residues are classified as 
“random coil”, as they are neither random nor coil (Leszczynski and Rose, 1986). Helices are 
the most abundant form of secondary structure in globular proteins, followed by sheets, and in 
the third place is turns (Nolting, 2005; Rose et al., 1985). The α-helices and β-sheets occur in 
globular proteins in varying proportions and combinations. Some proteins, such as 
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hemoglobin subunits, consist of only α-helices spanned by short connecting links whereas 
concanavalin A has a large proportion of β-sheets with absence of α- helices. However, most 
globular proteins, such as bovine serum albumin, soy and whey proteins have significant 
amounts of both types of secondary structure (Fennema, 1996; Gavish et al., 1983). 
 
1.3.2 Protein-water interactions 
 
The native structure of globular proteins exists in the presence of water. Water-protein 
interactions have been recognized to play an important role in determining the protein 
function, stability and dynamics. Functional properties of proteins, such as solubility, 
swelling, viscosity, water holding capacity, gelation, coagulation and surface activity, relate to 
a balance between water-protein interactions and intermolecular forces, i.e. hydrogen, 
hydrophobic and electrostatic bonds (Banci et al., 1998; Dissanayake, 2011).  
There are three types of water binding in the system: structural, bound and free water 
in the bulk of the solution. Structural water is defined by a specific stoichiometry as it 
hydrates with inorganic salts. Bound water is described as water interactions in aqueous 
solutions where the hydrated condensed state of protein has more water than in structural 
water conditions (Nomura et al., 1977). Moreover, the hydrophilicity or hydrophobicity of the 
surface area of the protein core play an important role in protein-water interactions and affects 
the solubility of proteins (Chothia, 1976; Dissanayake, 2011). 
 
1.3.3 Protein unfolding and denaturation 
 
The term denaturation is used loosely to entitle the change of proteins from a soluble 
to an insoluble form. As Neurath et al. (1944) has explained, “Denaturation is any non-
proteolytic modification of the unique structure of native protein, giving rise to definite 
changes in chemical, physical, or biological properties”. Adequate changes in the native 
protein environment through pH, heating, cooling, pressurization and chemical denaturants 
lead to the disruption of both secondary and tertiary structures, and therefore the loss of native 
structure and protein function (Lopez et al., 2008). However, the primary structure of protein 
remains the same after the unfolding since the denaturation reactions are not strong enough to 
break the peptide bonds. 
Denatured molecules of proteins undergo aggregation to form a polymeric network. In 
this case, the free energy of the system increases within the protein molecule leading to 
unfolding of the structure, thus exposing the hydrophobic groups. For the system to attain 
thermodynamic stability, molecules form a network to bury the hydrophobic regions 
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(Messens et al., 1997). Protein denaturation can be described as the transfer of hydrophobic 
residues from the hydrophobic core to water (Figures 1.3 and 1.4).  
 
 
Figure 1.3 The liquid hydrocarbon transfer model of protein denaturation (Kauzman, 1959). 
 
The exact mechanism of denaturation depends on the type of processing affected on 
the protein. For example, in the case of chemical degradation, deamidation and oxidation of 
chemical moieties occurs resulting in unfolding and aggregation (Manning et al., 1989). 
Wallqvist and Covell (1998) investigated the denaturation mechanism of protein solutions 
with added urea. They indicated that the urea molecules preferentially adsorb onto the 
charged hydrophilic residues on the surface causing repulsion between the residues on the 
surface of proteins. Eventually, the reaction exposes the hydrophobic residues leading to 
unfolding and protein denaturation.  
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Figure 1.4 Folding, unfolding and aggregation model of protein (Kasapis et al., 2009). 
 
 
1.3.4 Protein gelation  
 
Gelation is one of the most important functional properties of protein systems, and it 
correlates with the swelling ability, water-retention and viscosity of rehydrated protein 
isolates. Gelation is defined theoretically as an aggregation phenomenon of denatured proteins 
where a well ordered tertiary network is formed. All protein gelation mechanisms require 
some initial structural transitions from an unreactive to a reactive structure, leading to an 
increase in the probability of intermolecular interactions (Kasapis et al., 2009). Gelation is 
principally a two-step process of denaturation and aggregation where the attractive forces 
within the protein molecule are considered to create an explosion of sulfhydryl and other 
hydrophobic groups in the solvent, thus creating a polymeric network or gel (Yasuda et al., 
1986). A gel is an intermediate state between a solid and a liquid, and is defined as a 
considerably diluted system that exhibits no steady state (Damodaran et al., 2008). It can also 
be described from a macroscopic point of view as a substance that resists deformation when 
one applies a tractive force to it.  
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The gelation mechanism is controlled by an appropriate balance of protein-protein and 
protein-water interactions. This balance, as well as the protein concentration, are two 
important factors in the formation of a self-supported gel network. For all the globular 
proteins, a critical gelation concentration, C0, is required to form strong networks. If the 
system has protein concentration below the critical limit, the end product remains in the 
solution state but with increased viscosity (Broersen et al., 2006). Critically, at high protein 
concentrations, extensive aggregation takes place.  
As discussed earlier, protein gelation refers to the transformation of a protein from the 
“sol” state to a “gel-like” state by applying heat, high pressure, enzymes or divalent cations 
under appropriate conditions. Since our current study focuses on the effect of high hydrostatic 
pressure on the structural properties and biofunctionality of globular proteins from low to 
high solid systems as compared to the conventional treatment, the mechanisms of protein 
denaturation and gelation under temperature and high pressure will be further described. 
 
1.3.5 Heat-induced globular protein gels 
 
The mechanism of thermal gelation of globular proteins is a complex process and 
often involves several reactions. A two-step procedure for the protein gelation mechanism 
was proposed by Ferry (1948). The first step is the unfolding or dissociation of protein 
molecules subjected to heat. The second step is the association and aggregation reactions 
resulting in a gel system. The kinetics of this two aggregation mechanisms differ from protein 
to protein, mainly affected by the chemical composition of proteins. In the first step, the 
availability of cysteine residues and disulfide bonds increases and they may react to form 
intermolecular cross-links. In the second stage, aggregation processes respond to the increased 
exposure of hydrophobic areas, due to unfolding and dropping of the thermodynamic 
favourable native morphology (Vetri et al., 2007; Visschers and de Jongh, 2005). 
Observations suggest that the three-dimensional network structure of heat-induced globular 
protein gels is stabilized with hydrogen bonding, hydrophobic associations, ionic interactions 
and disulfide linkages (McClements et al., 1993; Utsumi and Kinsella, 1985; Wang and 
Damodaran, 1990). 
Heat denaturation leads to irreversible changes in globular protein structure 
(Kauzmann, 1956; Green et al., 1999; Koseki et al., 1989). Jacoba et al. (2002) indicated that 
the equilibrium of native and denatured protein is a continuous and dynamic process after 
aggregation of the denatured protein until no native protein is left in the system. The 
aggregation rate increases strongly with an increase in temperature and concentration of the 
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protein, and is related to the number of intermolecular cross-links formed in the heat-induced 
gel of the globular proteins (Gimel et al., 1994; Jacoba et al., 2002; Koseki et al., 1989).  
Globular proteins exhibit both random and linear aggregation (Hegg, 1982, Cordobes 
et al., 2004). Random aggregation of proteins leads to a heterogeneous particulate structure 
whereas linear aggregation creates a fine-stranded network. Tombs (1974) proposed two 
models of the globular proteins gelation: a highly-oriented “string of beads” and random 
aggregation (Figure 1.5). Examples of a highly-oriented “string of beads” type of aggregation 
are globular proteins, such as serum albumin, ovalbumin, insulin, lysozyme, ribonuclease and 
soybean glycinin, whereas casein, myosin in an environment of high ionic strength, β-
lactoglobulin and whey protein produce the random aggregation model (Doi and Kitabatake, 
1989; Hermansson, 1986; Tombs, 1974).  
 
 
Figure 1.5 “String of beads” (a) and random (b) aggregation of globular proteins (Doi and 
Kitabatake, 1989). 
 
1.3.6 High pressure-induced globular protein gels 
 
Effect of high pressure on globular proteins depends on the protein system (e.g. type 
of protein, pH, and ionic strength), applied pressure, temperature and duration of the pressure 
treatment (Messens et al., 1997). The conformational changes of protein structure are 
frequently reversible at pressures below 200 MPa and low protein concentrations, whereas 
aggregation and gel formation take place at pressures above 200 MPa (Ibanoglu and Karata, 
2001).  
Upon application of high pressure, the internal cavities of the globular protein become 
compressed resulting in decreasing volume of the system (Messens et al., 1997). Pressure-
induced protein unfolding is a complex process and primarily affects non-covalent 
interactions, disruption of hydrophobic bonds and formation of hydrogen bonds (Fennema, 
1996; Ibanoglu and Karatas, 2001). The weakest non-covalent interactions between amino 
acid residues that support the protein tertiary structure are first destabilized by high pressure 
and then replaced by protein-water interactions, which have a smaller volume (Mozhaev et 
al., 1996). Increase in hydrostatic pressure leads to the penetration of water molecules into the 
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protein interior, gradually filling cavities, and ultimately breaking apart the protein structure 
(Hummer et al., 1998; Mozhaev et al., 1996).  
 
1.3.6.1 Water penetration 
 
Observations of molecular dynamics revealed that the mechanism of pressure-induced 
denaturation is distinct from thermal unfolding (Hummer et al., 1998). Upon heat treatment, 
hydrophobic residues of protein molecules are transferred into water, whereas following 
application of high pressure water is forced into the interior of the protein matrix (Knorr et al., 
2006). As a result, conformational transitions and a loss of contact between groups in the non-
polar domains occur resulting in the pressurized unfolding of protein (Saad-Nehme et al., 
2001). Work in this thesis indicates that application of high pressure does not disrupt fully the 
secondary conformation of condensed globular protein systems, an outcome that can be 
related to the molten globular state, which is almost as compact as the native state (Meersman 
et al., 2006). 
 
1.3.6.2 Molten globule state 
 
In the molten globular state, protein retains most of its secondary structure but its 
hydrodynamic radii are 10-20% greater than that of the native conformation. In these 
structural futures, hydrophobic probe areas such as ANS (8-anilinonaphthalene-l-sulphonate; 
used to facilitate detection of the conformational state of the protein molecule) are exposed to 
the surrounding solvent leading to aggregation. Moreover, the extent of “softening” of the 
protein molecule in the molten globule state is small compared to the variation in 
compressibility observed from the native to heat treated proteins (Mozhaev et al., 1996). 
Moderate pressures (50-200 MPa) are able to induce dissociation of proteins by 
weakening inter-subunit regions, leading to the formation of individual non-denatured 
subunits and small conformational changes in these individual fragments. This mechanism of 
dissociation is unique following application of pressure and is not accomplished when 
globular proteins are dissociated by chemical denaturants or heat. Figure 1.6 shows the 
dissociation of a small dimeric Arc repressor protein where the inter-subunit β-sheet in the 
native dimer is replaced by an intra-monomer β-sheet in the denatured state, following high 
pressure application, leading to the so-called denatured molten globule state (of the monomer 
in this case; Mozhaev et al., 1996).  
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Figure 1.6 Proposed β-sheet structure of the Arc repressor in the native state, the 
predissociated state, and the dissociated molten globule state (Mozhaev et al., 
1996). 
 
1.4 Globular protein changes following application of high pressure 
 
During the past decade, extensive work has been carried out to understand the pressure 
effects on the structure of globular proteins. Many experimental techniques such as FTIR, CD 
and X-ray have been used to clarify the mechanism of pressure induced changes in proteins at 
dilute and semi-dilute systems (up to 20%, w/w). Principally, the structure and dynamics of 
protein changes can be controlled with varying the pressure level, pressure holding time and 
depressurization time, as well as other parameters such as pH and ionic strength (Heremans 
and Smeller, 1998; Messenss et al., 1997). 
 
1.4.1 Factors affecting protein changes following pressure treatment 
 
1.4.1.1 Thiol and disulfide groups 
 
The tertiary structure of proteins is commonly formed via non-covalent and less 
frequent covalent interactions such as disulfide bonds (S-S) and thiol groups (-SH). It has 
been demonstrated that disulfide bonds play an important role in high pressure-induced 
aggregation and gelation of globular proteins (Messens et al., 1997), and this will be further 
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confirmed in the Thesis. Table 1.2 shows the number of thiol group disulfide bonds as well as 
their positions in some globular proteins. 
 
Table 1.2 Thiol groups and disulfide bonds in globular proteins 
Type of globular 
protein 
Type of 
bond 
Number 
of bond Position Reference 
β-lactoglobulin 
Thiol 1 Cys121 Huppertz et al. (2004); 
McClements et al. 
(1993); Turgeon et al. 
(1992) Disulfide 2 
Cys61-Cys69 
Cys149-Cys162 
Bovine serum 
albumin (BSA) 
Thiol 1 Cys34 McClements et al. 
(1993); Nakamura et al. 
(1997) Disulfide 17  
Glycinin (11S) 
Thiol 2 Cys51/53 Cys319 Kinsella (1979); Wolf 
(1993) 
Disulfide 12  
Conglycinin (7S) 
Thiol 4  
Molina et al. (2002) 
Disulfide 0  
Ovalbumin 
Thiol 4  Doi and Kitabatake, 
1989; Iametti et al. 
(1998) Disulfide 1 Cys74-Cys121 
Lysozyme 
Thiol 0  
Jolles (1969) 
Disulfide 4 
Cys6-Cys127 
Cys30-Cys115 
Cys50-Cys80 
Cys77-Cys94 
 
The relative contribution of each type of bond to gel network formation varies with the 
properties of protein and environmental conditions. The kinetic model to describe the 
formation of disulfide-linked aggregates for protein systems through a disulfide-sulfhydryl 
exchange reaction has been suggested by Fava et al. (1957). In this model, the sulfhydryl 
group acts as an oxidizing agent to the intramolecular disulfide bond. The newly released 
sulfhydryl group may then react with a sulfhydryl group of a proximate unfolded polypeptide 
chain. This process continues further to shape up a radical polymerization reaction (Broersen 
et al., 2006). Mamathambika and Bardwell (2008) stated that accessibility, proximity and 
reactivity of the thiol groups and disulfide bonds in protein molecules play an important role 
in the formation of disulfide bonds and protein unfolding (Figure 1.7). 
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Figure 1.7 Relationship between disulfide bond formation and conformational folding of a 
protein (Mamathambika and Bardwell, 2008) 
 
1.4.1.2 Environmental parameters 
 
Environmental conditions, such as protein concentration, pH, water activity of the 
system, temperature and level of the pressure treatment affect the degree of pressure-induced 
modifications including the extent of changes in surface hydrophobicity and soluble aggregate 
formation (Jaenicke and Zavodszky, 1990; Puppo et al., 2004). Greater pressure level and 
time of application result in greater potential for changes in the structure of proteins (Farkas 
and Hoover, 2001). Moreover, in a recent study by Volk (2009), a conformational transition 
of phosvitin from a high level of α-helices to a β-sheet structure at an acidic pH was observed, 
while there was an irregular structure at a neutral pH. 
 
1.4.2 Effect of HPP on functional properties of globular proteins 
 
The functional properties of food proteins are classified into three main groups: (1) 
hydration properties, adhesion, solubility, viscosity, swelling, dispersibility, water absorption, 
and water holding; (2) interfacial properties including surface tension, emulsification and 
foaming characteristics; and (3) aggregation and gelation properties, which are related to 
protein-protein interactions (Galazka et al., 2000; Messens et al., 1997). Enhancement of 
functional properties can reduce the cost of production which may be achieved by modifying 
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the protein structure by chemical, enzymatic methods or physical treatment (Ibanoglu and 
Karatas, 2001; Kato et al., 1983).  
Through the years, there have been great developments on the effect of high pressure 
on emulsification and foaming properties of globular proteins in low solid systems, i.e. up to 
20%, w/w in formulations. Thus, Galazka et al. (1996) found that high pressure affects the 
emulsifying efficiency of β-lactoglobulin differently after and prior to pressurisation. Results 
from that study revealed a substantial loss in emulsifying efficiency of β-lactoglobulin after 
high pressure treatment. That was evidenced by the substantially larger droplets of pressure-
treated β-lactoglobulin in comparison to the emulsions with native protein. This behavior of 
pressure-treated β-lactoglobulin is mainly due to protein aggregation following exposure of 
hydrophobic groups during protein unfolding.  
Pittia et al. (1996a) reported that the effect of pressure on emulsification properties of 
β-lactoglobulin depends on the concentration of the protein. Pressure-treated samples at high 
level of solids (1.5 mg/ml) did not show a change in functional properties of the protein in the 
emulsion premix with the values of droplet size D (4,3) remaining the same before and after 
pressure treatment (Figure 1.8). Reduction in emulsifying capacity at lower protein 
concentration of the pressure-treated sample (0.3 and 1 mg/mL) is accompanied by an 
increase in droplet size D (4,3). This behavior of β-lactoglobulin at low solids following high 
pressure was rationalized on the basis of limited availability of protein sites to stabilise the 
oil/water interface. 
Besides aggregation, high pressure treatment of proteins also affects the surface 
hydrophobicity of the molecule, which typically is measured by the ANS method (Pittia et al., 
1996a). Thus, in Figure 1.9 a clear correlation between the level of pressure treatment and 
surface hydrophobicity of β-lactoglobulin is displayed (Pittia et al., 1996a). These results 
provide strong evidence that high pressure induces a degree of structural change and 
denaturation in β-lactoglobulin samples resulting in an increase in surface hydrophobicity and 
a change in protein tertiary structure. It is this interplay between protein aggregation and 
increase in surface hydrophobicity that determines the outcome of emulsifying capacity of the 
protein in relation to its concentration and applied pressure.  
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     MPa 
Figure 1.8 Effect of high-pressure treatment on emulsifying capacity (treatment time, 10 min); 
β-lactoglobulin concentration: () 0.3 mg/ml; () 1.0 mg/mL; (∆) 1.5 mg/mL 
(Pittia et al., 1996a). 
 
Figure 1.9 Surface hydrophobicity of -lactoglobulin in solution determined by the ANS 
method, as related to high-pressure treatment time (Pittia et al., 1996a). 
 
Parés and Ledward (2001) investigated the emulsifying and gelling properties of 
porcine blood plasma after high-pressure treatment. The study showed that high-pressure 
treatment up to 300 MPa did not affect the emulsifying capacity of blood plasma proteins, 
while treatment above 400 MPa caused pH-dependent changes. At pH 6.5, high-pressure 
treatments at 400 MPa improved the emulsifying properties of plasma solutions without 
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affecting their gelation properties. In contrast, at acidic pH (5.5), a decrease in the 
emulsification capacity of plasma solutions and significant changes in texture were observed 
with increasing pressure. 
Foams are characterised by the adsorption of whipped protein molecules at the 
air/water interface during aeration, where the hydrophobic area of the protein is oriented 
towards the gas phase of the interface. Regarding egg white proteins, high pressure was 
shown to have an effect on the foaming properties of the proteins; the treatment was both 
beneficial and detrimental to the foam stability and volume of egg white proteins depending 
on the pH (Van der Plancken et al., 2007). Thus, egg white foams with the highest volume 
and density were formed at pH 8.8 after pressurization above 500 MPa. Increased foam 
overrun after HPP treatment has been rationalized on the basis of protein flexibility and 
solubility allowing improved protein-protein interactions via exposed SH-groups.  
The effect of high-pressure treatment on foaming properties of dairy proteins has also 
been investigated, with results showing improvement in rennet and acid coagulation of milk 
to obtain novel textures in dairy gels and emulsions. Ibanoglu and Karatas (2001) reported the 
effect of pressure-processing at 150-450 MPa on foaming behavior of whey protein isolate 
(0.005-2%, w/v) within the pH range of 5.0 to 7.0. Foaming properties of WPI were enhanced 
at pH 6.0-7.0 due to an increase in the hydrophobicity of protein upon pressure treatment. 
Foaming properties declined at pH near the isoelectric point of whey protein, which can be 
attributed to extensive unfolding and aggregation of the protein chains. In a study by 
Bouaouina et al. (2006), an increase in foam stability of whey proteins at a low-solid content 
(3%, w/w) following application of dynamic high pressure was monitored. High pressure 
treatment dissociates large protein aggregates leading to unmasking of the buried hydrophobic 
groups without affecting protein solubility. The interactions that occur between these groups 
enhance the viscoelasticity of air-water interfaces and improve the foam stability of whey 
proteins shown in Figure 1.10. 
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Figure 1.10 Comparison of the elastic component E′ and the viscous component E″ of the 
surface viscoelastic modulus as a function of air bubble volume oscillation 
frequency between non-treated and 300 MPa-treated WPI solutions. E′ native WPI 
(), E′ 300 MPa-treated WPI (), E″ native WPI (), E″ 300 MPa-treated WPI 
() (Bouaouina et al., 2006). 
 
Effect of high pressure on β-casein has also been investigated. Pittia et al. (1996b) 
reported that foam stability obtained with pressure at 300 MPa and beyond shows a marked 
improvement in comparison with native β-casein (Figure 1.11).  Thus, pressure treatment up 
to 900 MPa for 30 min induces changes in β-casein that accelerate an increase in thickness, 
rigidity and elastic properties of these materials. 
It should be noted that several proteins have been found to undergo reversible changes 
at low pressures (about 100 - 200 MPa) due to reassociation of subunits or partial unfolding, 
while high pressures (> 200 MPa) causes non-reversible and more extensive unfolding on the 
structure of proteins. Therefore, changes in functional properties of proteins following 
application of high pressure are dependent on a number of factors including initial pressure 
level, temperature and time of processing, type of protein, concentration, pH and ionic 
strength. 
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Figure 1.11 Foam stability (FS%) as a function of high pressure treatment time for 0.2 mg/ml 
β-casein treated at different pressures: (▲) 300 MPa, () 600 MPa, () 900 MPa 
(Pittia et al., 1996b). 
 
 
1.4.3 Effect of HPP on bovine serum albumin (BSA) 
 
Serum albumin is the most abundant protein in mammalian plasma with high stability 
and solubility in water. BSA with the isoelectric point at pH 5.3 and molecular weight of 66 
kDa is built from 583 amino acids (Murayama and Tomida, 2004; Peters, 1996). Bovine 
serum albumin has one cysteinyl residue (thiol group) at position 34 (Cys-34) and 17 disulfide 
bridges per molecule (McClements et al., 1993; Nakamura et al., 1997). Murayama and 
Tomida (2004) proposed that BSA protein has an overall oblate shape, consisting of three 
domains (I, II and III). Each domain is stabilized by an internal network of disulfide bonds 
and a number of ionisable groups with opposite charges. The secondary structure of BSA is 
composed of 50-68% α-helix, 9-18% β-sheet, 4% β-turn and 32% random coils (Sjoholm and 
Ljungstedt 1973; Howlett et al., 1992; Yoneyama et al., 2008). 
Changes in the structure of BSA can be correlated to the magnitude of applied 
pressure and the duration of pressure treatment. Aoki et al. (1968) subjected bovine serum 
albumin solutions to high pressure under various conditions (15-60 min at 15-40 °C). 
Pressure-induced BSA solutions (1%, w/w) at 300 MPa and alkaline pH showed irreversible 
denaturation leading to the formation of dimers and large aggregates. Moreover, an FTIR 
study demonstrated that the secondary structure of BSA changes continuously between 110 
MPa and 1130 MPa (Howlett et al., 1992; Nystrom and Roots, 1983). This includes a three 
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percent decrease in α-helical structure and increasing contributions of unordered and β-sheet 
structures (Hayakawa et al., 1992; Howlett et al., 1992).  
Thermal and electrochemical studies indicated that the free cysteine residue of BSA 
becomes available for intermolecular association with other sulfhydryl or thermally ruptured 
disulfide groups in the formation of aggregates following application of high pressure 
(Hosseini-Nia et al., 2002; Matsudomi et al., 1991). However, the hydrophobic groups inside 
the BSA molecule are not exposed to the solvent, which allows retaining of the secondary 
conformation of the protein after pressurization. The observed stability of BSA in high 
pressure is probably due to the seventeen intra-molecular disulfide bonds (Hayakawa et al., 
1992; Huppertz et al., 2006). Aoki et al. (1968) classified the primary effect of high pressure 
on BSA in three categories (Figure 1.12), where (a) BSA does not change below a certain 
boundary value (P1 can be extracted from the phase diagram of BSA), (b) pressure between 
the first and second boundary value (P2) cause a low degree of irreversible association with 
transparent solutions, and (c) pressures higher than P2 cause turbidity of the solution 
containing aggregates.  
 
 
Figure 1.12 Scheme of the effect of high pressure on BSA (Aoki et al., 1968). 
 
It has been reported that BSA molecules are able to refold after relieving the high 
pressure due to the stabilization of protein sequences via the formation of hydrogen bonds 
with surrounding water molecules. Hayakawa et al. (1992) investigated the mechanism of 
high pressure on BSA, ovalbumin and β-lactoglobulin using DSC and CD. Calorimetric 
results showed that there were no considerable differences in the position of endothermic 
peaks for BSA and β-lactoglobulin after high pressure treatment at 1000 MPa for 10 min, 
while their enthalpies were decreased to about half of the values reported for the native 
counterparts. CD spectra revealed that the α-helical structure of ovalbumin was destroyed 
completely, whereas results for β-lactoglobulin and BSA showed a reduction in the α-helical 
structure by about 90% and 50%, respectively.  
 
 
 
a b c 
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1.4.4 Effect of HPP on glycinin (11S) soy protein 
 
Soybean proteins are primarily classified according to the ultracentrifugal analysis into 
2S (α-conglycinin), 7S (β-conglycinin), 11S (glycinin) and 15S fractions. The major 
components of soy are glycinin and β-conglycinin, which represent 25-42% and 30-34%, 
respectively, of the proteins occurring in the isolate (Kasapis and Tay, 2009; Peng et al., 
1984). The rest of the proteins consist of γ-conglycinin (trimer of 170 kDa), lipoxygenase, 
agglutinins, and β-amylases, occurring in the 7S fraction and the soy trypsin inhibitors 
belonging to the 2S fraction (Petruccelli and Anon, 1995). Secondary structure of glycinin 
protein consists of 15-25% α-helix, 27-35% β-sheets, 25-35% β-turn and 8% random coil 
(Hou and Chang, 2004; Wang et al., 2008). 
The amino acid composition of 11S protein is high in lysine and low in methionine. 
The proportion of hydrophobic amino acids (Ala, Val, Ile, Leu and Phe) and hydrophilic 
amino acids (Lys, His, Agr, Asp and Glu) are 23.5 and 46.7%, respectively (Peng et al., 
1984). The twelve polypeptides containing six acidic and six basic subunits in the native 
glycinin molecule are strongly folded and connected via disulfide bonds with disordered 
conformation and some β-structure (Kinsella, 1979). 
Following application of high pressure, the thiol residues of the polypeptide chains in 
the glycinin molecule are exposed to the solvent. These exposed groups interact with each 
other to form intra- or intermolecularly stable S-S bonds, leading to the formation of a gel. 
Research results reveal that pressure treatments up to 400 MPa have no effect on the 
secondary conformation of glycinin, and even at pressures higher than 400 MPa glycinin did 
not show denaturation peaks at DSC scans (Molina et al., 2002). The high number of disulfide 
bridges within the 11S protein supports a compactly folded molecule that should be 
responsible for these results. 
Clearly, the stability of glycinin during thermal/non-thermal processing is a 
consequence of the extensive intermolecular and intramolecular disulfide associations in the 
subunits (German et al., 1982). Zhang et al. (2003) noted the formation of new sulfhydryl 
groups at pressures up to 600 MPa, which are linked to a number of disulfide bonds in the 
native molecule. CD analysis indicated a destruction of the ordered structures of α-helix and 
β-sheet that are now converted to random coils after pressurisation at 500 MPa for 10 min. 
Speroni et al. (2009) stated that disulfide bonds formed during high pressure treatment link at 
different positions in glycinin molecules, as compared to those formed by heating. Formation 
of a three-dimensional gel-like structure in glycinin and its emulsification capacity is strongly 
depended on the time and magnitude of pressurisation. In relation to this, PAGE 
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electrophoresis showed that large units in the native structure disappear after pressure 
treatment, with no indication of new bands forming elsewhere (Torrezan et al., 2007). 
FTIR spectra record limited changes in the secondary structure of pressure-induced 
soybean proteins, as compared to heat-induced globular proteins (Molina et al., 2002). The 
intensity of bands at 1692 and 1622 cm-1, related to β-turns and parallel β-sheets, decreases 
while bands at 1645 and 1632 cm-1, corresponding to random coil and β-sheets, increase in 
intensity after pressurization. Puppo et al. (2004) also reported a decrease in α-helix content 
(up to 24%) at 200 MPa of high pressure treatment, with the amount of β-sheets being 
simultaneously increased. Thus, changes in the secondary conformation of glycinin appear to 
depend on the time and magnitude of pressurization.  
Adhesiveness of glycinin gels is not affected following application of high pressure up 
to 600 MPa, but significant changes are observed at 700 MPa. Regarding the elasticity of 
pressurized gels, this is less and less affected with increasing pressure. Although the hardness 
of the pressurized gels increases slightly with applied pressure (300-700 MPa for 15 min), it 
stays lower than for heat-induced structures. Results indicate that combined heat and high 
pressure treatments hold promise for the development of new products with novel texture 
(Molina and Ledward, 2003). 
 
1.4.5 Effect of HPP on β-conglycinin (7S) soy protein 
 
Conglycinin (7S) is extracted by a selective precipitation method at pH 4.8 and 
contains lipoxygenase, hemagglutinin, β-conglycinin and γ-conglycinin. γ-Conclycinin has a 
molecular weight of 104 kDa representing 3% of total soy globulins. β-Conglycinin 
comprises 28% of the globulins and consists of a quaternary structure of 9 subunits with an 
average molecular weight of 20 kDa (Catsimpoolas and Ekenstam, 1969; Kinsella, 1979; 
Koshiyama et al., 1980). Secondary structure of -conglycinin consists of 17% α-helix, 38% 
β-sheet, 25% β-turn and 19% random coil (Mills et al., 2001). 
Application of heat induces dissociation, denaturation and aggregation of β-
conglycinin, while acid treatments lead to selective unfolding and minimum protein 
aggregation (Puppo and Anon, 1999; Sorgentini et al., 1995; Wagner et al., 1996; Yamauchi 
et al., 1991). The physical structure and properties of the β-conglycinin gel can be controlled 
with thermal regime, in particular heating and cooling rates. Heat-induced gels of β-
conglycinin show lower tensile strength and water holding capacity than those obtained from 
soy glycinin or soy isolate (Kinsella, 1979). 
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Molina et al. (2001) investigated the emulsification properties of high pressure treated 
soy β-conglycinin at different values of pH and concentrations compared to soy glycinin and 
soy protein isolate. It was found that 400 MPa dissociated all materials into partially or totally 
denatured monomers that enhance the surface activity as reflected in the emulsifying stability 
index. Application of high pressure on β-conglycinin and glycinin at alkaline conditions leads 
to an increase in protein surface hydrophobicity, reduction in free SH content and partial 
unfolding (Puppo et al., 2004). At 400 MPa, an increase in flocculation and gelation ability of 
β-conglycinin was observed mainly due to polymeric aggregation between adsorbed and 
aqueous phases. Mechanical spectra of β-conglycinin at atmospheric and pressurized 
conditions are illustrated in Figure 1.13. They indicate that β-conglycinin can be described as 
a semi-dilute macromolecular dispersion at low pressures (less than 300 MPa), while a gel-
like pattern is observed at high pressures (up to 600 MPa), with the value of G″ being smaller 
than those of G′ within the experimental range of frequencies (Speroni et al., 2009). Overall, 
it is concluded that high pressure promotes association between polypeptides to form a self-
supporting gel. 
  
 
Figure 1.13 Storage () and loss (▼) modulus of β-conglycinin dispersions (10%, w/w) as a 
function of oscillation frequency after high pressure treatment at (a) 0.1 MPa, (b) 
300 MPa and (c) 600 MPa (Speroni et al., 2009). 
 
1.4.6 Effect of HPP on ovalbumin 
 
Egg has been known for its remarkable nutritional value. It consists of a porous 
calcium carbonate shell, yolk, and albumen frequently identified as egg white. The major 
proteins of the egg white are ovalbumin, ovotransferin, ovomucoid, ovomucin and lysozyme, 
making up 54, 12, 11, 3.5 and 3.4% of the total protein, respectively (Mine, 1995). 
Ovalbumin is a monomeric phosphoglycoprotein with a molecular mass of 45 kDa and 
isoelectric point of 4.5 comprising a sequence of 386 amino acids. The protein is widely used 
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in the food industry due to its ability to foam, water binding, emulsifying capacity and to form 
gels upon heating (Weijers et al., 2002). Ovalbumin belongs to the serpin superfamily. These 
are approximately 300 homologous proteins with diverse functions found in animal, plants, 
insects and viruses. Ovalbumin consists of four sulfhydryl groups (Cys-11, 30, 367, 382) and one 
disulfide bond (Cys73-Cys120). The sulfhydryl groups are buried in the native core but play a 
prominent role in the refolding of ovalbumin obtained upon denaturation, for example, with 
chaotropes (Iametti et al., 1998). The secondary structure of ovalbumin includes α-helix 
(41%), β-sheet (34%), β-turns (12%) and random coils (13%) (Ngarize et al., 2004).  
The mechanism of pressure denaturation of egg white and yolk has been widely 
investigated. The extent of ovalbumin denaturation by high pressure is much less than for 
heating or chemicals. Stiff gels from egg white and egg yolk are formed following high-
pressure treatment at 6000 and 4000 kg/cm2, respectively. Pressure-induced egg white gels 
are softer and more elastic or lustrous than heat-induced counterparts (Hayashi et al., 1989). 
Furthermore, pressurized egg white gels have natural or raw taste and uncooked flavour with 
more adhesive and elastic properties, as compared to the heated ones (Mine, 1995).  
In the study by Hayakawa et al. (1992), ovalbumin showed no marked change in 
electrophoretic patterns (PAGE) upon denaturation with heat or pressure. However, pressure 
denaturation increased the mobility of ovalbumin molecules where small bands in the 
electrophoretogram were detected. Correspondingly, the position of the DSC endothermic 
peak in pressure-induced ovalbumin did not show significant differences from temperature-
treated samples, but the enthalpy has been decreased by 61% following application of high 
pressure. The authors indicated that pressure denaturation is able to cause disintegration of the 
secondary structure of ovalbumin where the α-helical content is decreased from 33 to 25% 
after pressurization at 600 MPa. In Messens et al. (1997), it was stated that the conformation 
of ovalbumin remains fairly stable after pressurization at 400 MPa due to the disulfide bond 
and the non-covalent interactions stabilizing its three-dimensional structure.  
Tedford et al. (1999) studied the structural changes in ovalbumin following a series of 
high pressure processing experiments using far-UV CD spectra. It was found that pressurizing 
ovalbumin at 600 MPa for 30 min at pH 7 leads to 58.3% loss in the α-helix content. Higher 
pressure and less processing time (10 min) result in 27.4% loss of the secondary structure of 
ovalbumin. Overall secondary structure appears to remain largely unaffected at 300 MPa, 
based on similar CD spectra for native and pressurized systems. Smith et al. (2000) reported 
limited irreversible changes in the secondary structure of pressurized ovalbumin treated at 400 
MPa and pH 6.5. Using FTIR the authors stated that high pressure processing causes the 
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protein to adopt a new conformational arrangement that includes a high degree of secondary 
structure via intermolecular-hydrogen bonding that supports protein aggregation.  
Studies on the solubility of ovalbumin at neutral pH indicate the formation of 
insoluble aggregates after pressurization, as a function of protein concentration and treatment 
intensity, due to modification in the tertiary structure of the protein (Iametti et al., 1998). 
Application of high pressure decreases the denaturation enthalpy, solubility and buried SH 
content but increases the turbidity and surface hydrophobicity of ovalbumin. However, 
pressurized ovalbumin produces less turbid gels than for the heat treatment owing to smaller 
size aggregates formed at elevated pressure (Van der Plancken et al., 2007). 
 
1.4.7 Effect of HPP on lysozyme 
 
Lysozyme or muramidase is an enzyme found in the protective fluids (tears, saliva and 
mucus) of animals. Commercial lysozyme is isolated from egg white and is able to damage 
bacterial cell walls (McKenzie and White, 1991). Lysozyme is a single chain polypeptide of 
129 amino acids cross-linked with four disulfide bridges, but no thiol groups, with a 
molecular weight of 14 kDa (Jolles, 1969). The secondary structure of lysozyme consists of 
40% α-helix and 7% β-sheet (Sethuraman et al., 2004).  
Pressure-induced modification of lysozyme conformation using ultraviolet 
fluorescence probs (ANS) showed that the protein has two separate transitions. First, a 
smooth region following pressurisation at 200-800 MPa and then a highly cooperative process 
that takes place following pressurisation between 800-1100 MPa (Li et al., 1976). 
Samarasinghe et al. (1992) pointed out that high pressure affects the chemical shift of the 
residues in lysozyme leading to an equilibrium between the native and denatured forms of the 
protein. This finding was further confirmed by Sasahara et al. (2001) who also noted the 
dominant effect of hydrostatic pressure in the structural co-operativity of the protein, which 
unfolds due to a chemical-equilibrium shift in the direction of reduction in the volume of the 
system. 
Finally, crystallization of the hen egg-white lysozyme was found to be strongly 
inhibited by hydrostatic pressure (Groβ and Jaenicke, 1991). Thus, the equilibrium solubility 
and the crystallization kinetics of lysozyme are shifted towards lower yields of crystallization 
following pressurisation (Figure 1.14). The non-thermal process reduces the rate of 
crystallization thus enhancing the solubility of lysozyme in NaCl solutions via positive 
volume changes (Groβ and Jaenicke, 1994). 
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Figure 1.14 Schematic representation of the molar volumes involved in the effect of pressure 
on crystallization of lysozyme (Groβ and Jaenicke, 1994). 
 
1.4.8 Effect of HPP on β-lactoglobulin 
 
β-Lactoglobulin is the most abundant molecular fraction of whey protein with a 
monomer molecular weight of 18.4 kDa and a primary sequence composed of 162 amino 
acids. It represents about 50% of the protein in bovine whey isolate and 12% of the protein in 
bovine milk (Pittia et al., 1996a). In the native state, β-lactoglobulin is stabilised with 
covalent bonds (including two disulfide bridges), electrostatic interactions (ion pairs, polar 
groups), hydrogen bonds, hydrophobic interactions and one thiol group (Huppertz et al., 
2004; McClements et al., 1993; Turgeon et al., 1992). The secondary structure of native β-
lactoglobulin is composed of 16% α-helix, 58% β-sheet and 25% random coil (Clark and 
Smith, 1989). Aggregate mediated structure formation of the protein is facilitated by acidic 
pH (Swaisgood, 1982). 
Changes in the surface hydrophobicity, aggregation, reduction in emulsifying capacity 
and foamability have been reported following application of high pressure between 200 and 
900 MPa (Nakamura et al., 1993; Dumay et al., 1994; Pittia et al., 1996a; Pittia et al., 1996b). 
Denaturation patterns of β-lactoglobulin under high pressure indicated that the midpoint of the 
reversible denaturation for the protein is at pressure values of about 175 MPa at neutral pH, 
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which is much lower than the pressure of 500 - 700 MPa required for complete denaturation 
of the protein (Dufour et al., 1994). Loss of native conformation following application of high 
pressure is caused by the reaction of thiol groups being exposed to the protein surface (Tanaka 
et al., 1996). That was further confirmed in the study by Funtenberger et al. (1997) where the 
pressure-induced aggregation of β-lactoglobulin is due to the formation of intermolecular 
disulfide bonds through SH/S-S interchange reactions. CD spectra reveal that the native 
tertiary structure of β-lactoglobulin essentially disappears and the secondary structure 
converts from native β-sheets to non-native α-helices following high pressure treatment (Yang 
et al., 2001).  
 
1.5 Microbial and enzymatic inactivation by high pressure 
 
Recent studies have demonstrated that high hydrostatic pressure is able to inactivate 
vegetative cells and enzymes alongside increasing protein digestibility in food products such 
as meat, fish, milk, ham, avocados, etc. (Estrada-Giron et al., 2005). 
Many pathways of microbial inactivation have been quoted in the literature. According 
to these reports, the inactivation mechanism involves cell wall rupture and extraction of cell 
wall lipids due to increased internal pressure (Enomoto et al., 1997; Bayindirli et al., 2006; 
Nakamura et al., 1994). It was shown that inactivation is dependent on the type of 
microorganism and level of high pressure employed (Spilimbergo et al., 2002). For example, 
S. aureus, i.e. food-poisoning bacteria growing at rather low water-content systems, is highly 
baroresistant under standard high-pressure (Segalove and Dack, 1951; Alpas et al., 1999; 
Patterson et al., 1995; Wuytack et al., 2002). High pressure at 300 MPa for 30 min at 25 °C is 
the optimal condition for the inactivation of Salmonella, E. coli, Shigella and S. aureus (Yang 
et al., 2012). 
Torres and Velazquez (2005) reported the effect of high pressure on foods in terms of 
commercial opportunities and microbial safety. HPP damages Gram-positive bacterial 
membranes leading to leaks of intracellular fluid. Moreover, high pressure processing could 
alter the cell membrane with bound protein, hence the cell morphology and cause the 
destruction of ribosomes (Cheftel, 1995; Ritz et al., 2000; Smelt, 1998). In the case of E. coli, 
i.e. Gram-negative bacteria, it has been demonstrated that the degree of inactivation depends 
on the level of pressure, temperature, time, water activity and composition of foodstuffs 
(Gaenzle and Vogel, 2001; Arroyo et al., 1999). 
The activity of enzymes can also be affected following application of high pressure 
treatment. Changes in the activity of enzymes, particularly proteases, can be explained with 
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the mechanism of high pressure processing on globular proteins, where upon application, the 
volume of a protein decreases due to the compression of internal cavities (Messens et al., 
1997). As discussed earlier, high hydrostatic pressure can affect both the tertiary and 
quaternary structures of protein, and therefore the active sites of enzymes are altered after 
pressurization resulting in complete/partial loss of enzyme activity. 
 
1.6 High-solid biomaterials  
 
Research in the area of hydrocolloids and their mixtures with co-solute has grown 
rapidly based on the continuous expansion of the food industry in the areas of ingredients, 
quality control and nutrition (Kasapis, 2008a). High solid systems find wide application in the 
food and nutraceuticals industries for the production of added value materials. Previous 
investigations on globular proteins in relation to pressure manipulated textural properties have 
been carried out in systems with relatively low levels of solids (< 20%, w/w). Therefore, the 
aim of work in this Thesis is to achieve molecular understanding of the structural and 
functional properties of globular protein from low to high levels of solids under high pressure 
and compare these with the heat treated counterparts. Effect of high pressure on high-solid 
globular proteins will assist in the determination of alterations in the secondary structure, partial 
or extensive molecule denaturation, and viscoelastic characteristics of gels.  
 
1.7 Glass transition in high-solid biomaterials 
 
The transition from the melt or rubbery consistency to the glassy state with cooling or 
increasing the level of solids in formulations is a common phenomenon that determines the 
textural and organoleptic behavior of processed foods. It is then critical to acquire 
fundamental understanding of the relationship between glassy behavior and industrial 
processing or subsequent storage of functional ingredients and novel products. Glassy 
behavior is observed in amorphous systems where molecules are randomly dispersed rather 
than being arranged in well defined crystalline structures. The transition occurs over a rather 
broad temperature range but more often this is referred to as a fixed point known as the glass 
transition temperature (Tg) (Kasapis, 2008b). 
In the glassy state, amorphous materials have relatively high viscosity with values in 
the order of 1012 Pa s, exhibiting brittleness, high strength, clarity and ultimately low 
molecular mobility (Ferry 1980; Rahman, 1995). From a thermodynamic point of view, the 
glass transition can be defined as the point at which the configurational entropy of the system 
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reaches zero (Arridge, 1975; Roos, 1995). Thermal analysis and mechanical spectroscopy are 
commonly applied to identify changes in relaxation phenomena of the material along with the 
associated thermodynamic properties during the transition period. A range of factors has been 
shown to influence the glass transition temperature at which the transition occurs, including 
the molecular weight, molecular structure (i.e. bond rotation, cross linking and moisture 
content), cooling and heating rates, and flexibility of the polymeric chain (Debenedetti and 
Stillinger, 2001; Champion et al., 2000; Roth et al., 2006).  
A protein molecule has both “solid-like” and “semi-liquid” regions with the mobility 
of surface atoms being greater than that of the inner core. All proteins undergo a dramatic but 
gradual change in their dynamic properties with temperature reduction demonstrating that the 
glass transition region is broad and depends both on co-solvent and the rate of cooling 
(Morozov and Gevorkian, 1985). As proposed by Morozov and Gevorkian (1985), the glass 
transition of proteins relates to the immobilization of chemical groups and strongly bound 
water. Above the glass transition temperature, protein molecules possess additional 
configurational degrees of freedom due to anharmonic, collective motions involving groups of 
bonded and non-bonded atoms.  
 
1.8 Measuring the glass transition temperature 
 
Many mathematical models and state diagrams can be found in the literature regarding 
the factors affecting the molecular relaxation of materials under the influence of an external 
disturbance (Levine and Slade, 1986; Roos and Karel, 1990). Differential scanning 
calorimetry is the most common method to analyze glass transitions, and detects changes in 
heat capacity of the material. Experimental measurements of the glass transition temperature 
are kinetically dependent on the time scale of observation, cooling/heating rate and the sample 
history (Arridge, 1975). Mechanical measurements also offer an avenue of research in this 
area, and in order to evaluate the mechanical glass transition temperature, the time 
temperature superposition principle (TTS) is used, for example, with small deformation 
dynamic oscillation in shear. TTS assumes that by changing the temperature the complete 
relaxation spectrum of the material is affected by the same factor, aT (concept of 
thermorheological simplicity).  
Rationalisation of the mechanical properties of biomaterials undergoing a glass 
transition can be achieved with the concept of free volume. According to Ferry (1980), vacant 
spaces between the packing irregularities of long chain segments or the space required for the 
free rotation and vibration of the molecules accounts for free volume (uf). In polymer melts 
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the proportion of free volume is around 30% of the total volume and the theory predicts that 
free volume reduces to 3% of the total volume in the glassy state (Cangialosi et al., 2003). To 
develop a mechanical understanding of the rubber-to-glass transition, the concept of 
molecular free-volume that forms the basis for deriving the Williams, Landel and Ferry 
(WLF) equation has been suggested. The theory was recast by Ferry (1980) in the following 
mathematical form:  log a୘ = - େభబ(୘-୘బ)େమబା(୘-୘బ)log aT = log [G'(T) / G'(To)] = - oo oo T - T + )/(f )T - )(T(B/2.303ff         (1.2) 
where, aT is the shift factor from the horizontal superposition of mechanical spectra, T is the 
reference temperature of data superposition, and and are the WLF constants that relate 
to the free volume theory as follows: 
               ܥଵ	଴ = ஻ଶ.ଷ଴ଷ௙బ          ܥଶ	଴ = ௙బఈ೑                 (1.3)  
where, fo is the fractional free volume (the ratio of free to total volume per gram of material), 
αf is the thermal expansion coefficient, and B is usually taken as one for simplicity.  
The WLF equation is appropriate for systems in the glass transition region, which is 
governed by free volume effects. Following this, the glassy state is reached where the values 
of G′ approach a maximum and those of G″ decrease rapidly (Kasapis, 2008b). The shift 
factors of the mechanical spectra in the glassy state disclose a pattern of behavior that cannot 
be followed by the WLF equation. Progress in mechanical properties at the region of the 
lowest experimental temperatures is better described by the mathematical expression of 
Arrhenius, which includes a set of experimental temperatures (Peleg, 1992): 
                     
                                            (1.4) 
The modified Arrhenius equation yields the activation energy (Ea) for an elementary 
flow process in the glassy state, which is independent on temperature. Within the glassy state, 
the factor aT is an exponential function of the reciprocal absolute temperature, thus the 
logarithmic form with a constant activation energy can be used for calculating numerical 
values. Upon plotting the shift factors as a function of experimental temperature that spans the 
glass transition region and the glassy state, the thermal expansion coefficient of free volume 
(αf) displays a discontinuity, reflecting a change in slope of the linear dependence of total 
volume with temperature. This point of discontinuity can be taken as the mechanical Tg, 
pinpointing the transformation from the free volume driven effects in the glass transition 
region to an energy barrier for molecular rotations in the glassy state (Kasapis, 2006).  
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CHAPTER 2  
MATERIALS AND METHODS 
 
2.1 Rheology 
 
Rheology is the science of deformation and flow of matter under controlled testing 
conditions, primarily in the liquid state, soft solids and solids (Schowalter, 1978). It has been 
applied to different fields such as synthetic and biopolymer science, colloidal science, fluid 
dynamics, food science, emulsion technology, etc. To define the field of rheology, the 
relationship between applied force / stress (δ) and deformation of materials (γ) is used 
(Barbosa-Canovas, 1996; Bourne, 2002). Stress is the force per unit area (N.m-2 or Pa), 
whereas strain is the resulting fractional deformation (dimensionless) of the material. The 
main purposes of rheological measurements are: (a) to obtain a quantitative description of the 
materials’ mechanical properties, (b) evaluation of the food texture and to correlate with the 
sensory analysis, (c) obtaining information related to the molecular structure and composition 
of the material, (d) measuring the quality of intermediate and final products, and evaluation of 
the shelf life of the products (Dobraszczyk and Morgenstern, 2003; Steff, 1996). 
Fluid and semisolid foods display a wide variety of rheological behavior such as 
Newtonian, shear-thinning, shear-thickening and time-dependent behavior. In the Newtonian 
fluid, there is a fixed proportionality between shear stress and the applied shear rate with the 
relatively simple flow curve. In contrast, non-Newtonian fluids cannot be characterized by a 
measurement at a single shear rate since a non-linear shear stress response is produced known 
as shear thinning or shear thickening profiles (Rao, 1977). In shear-thinning materials, 
increasing the shear rate provides less than proportional increase in shear stress, while in 
shear-thickening fluids an increase in shear stress gives less than proportional increase in 
shear rate (Rao, 2007). The proportionality constants for solids and liquids are termed as 
modulus (G) and viscosity (η) respectively, where G = σ/γ and η = σ/(dγ/dt). However, most 
of the food systems exhibit combined liquid like (viscous) and solid like (elastic) behavior, 
giving rise to ‘viscoelasticity’.  
The main rheological techniques can be categorised according to the type of strain 
imposed (compression, extension, shear, torsion, etc.) and the relative magnitude of the 
imposed deformation (small or large) (Bloksma and Bushuk, 1988). In oscillatory tests, 
samples are subjected to deformation or stress, which varies harmonically with time. Small 
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deformation dynamic oscillation (SAOS) is used to characterise the viscoelastic properties of 
materials as a function of time, temperature, strain or frequency (Dobraszczyk and 
Morgenstern, 2003). Principally, small amplitude oscillatory tests (Figure 2.1) involve 
sandwiching the sample between two parallel plates, where the upper plate oscillates at small 
amplitude about the mean gap position, and a force transducer detects the force signal that 
arises from the sample (Taherian et al., 2008).  
Shear stress wave is a sine wave function with different amplitude and phase, and can 
be modelled as:  
σ = σ0 sin (ωt+δ)       (2.1) 
where σ represents the time dependent stress, σ0 is the maximum stress amplitude, ω is the 
frequency expressed in rad/s, and δ is the phase angle between the two waves.  
Viscoelastic materials have a stress wave amplitude proportional to strain amplitude, 
but will have contributions from both in-phase and out-of-phase components, which can be 
represented as:  
σ = γ0 (G′sinωt + G″cosωt)      (2.2) 
where, γ0 is the amplitude of the strain, G′ is the elastic modulus that represents the strength of 
the network (also known as storage modulus), G″ is the viscous modulus that measures flow 
properties of the sample in the structured state and also known as loss modulus. Interpretation 
of shear moduli through applied stress can be expressed as following: 
G′ = σ′/γ, G″ = σ″/γ                                                                              (2.3) 
where, σ′ is the shear stress in phase, σ″ is the shear stress 90° out of phase, and γ is the strain.  
The phase angle, δ, between the sinusoidal waves of applied stress and measured 
deformation can be used to summarise the viscoelastic character of materials, since tan δ = 
G″/ G′ (Ferry, 1980). A high value of tan δ indicates that the sample is more viscous or 
liquid–like, while a low value of tan δ means that the sample is more elastic or solid–like 
(Lucey et al., 2003). Total resistance of materials to oscillatory shear is known as complex 
dynamic modulus (G*) in Pascal units: G* = (G’ 2+ G″ 2)½ / ω. The following Table 2.1 
describes the standard rheological parameters. 
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Figure 2.1 Principle of oscillation viscometry. Applied strain versus time (a) and resultant 
stress versus time that is measured in an elastic solid (b), Newtonian liquid (c) and 
viscoelastic liquid (d) (Bourne, 2002). 
 
Table 2.1 Standard rheological parameters.  
Parameter Definition  Symbol Units (SI) 
Shear stress Force per unit area  Σ Pa 
Shear strain Relative deformation in shear Γ - 
Shear rate Change of shear strain per unit time  s
-1 
Viscosity Resistance to flow Η Pa.s 
Shear storage modulus Measure of elasticity of material Gʹ Pa 
Shear loss modulus the ability of the material to dissipate energy G″ Pa 
Complex viscosity Resistance to flow of the sample in the structured 
state, originating as viscous or elastic flow 
resistance to  the oscillating movement 
 
η* 
 
Pa.s 
Dynamic viscosity Internal friction of liquid η' Pa.s 
Phase angle Degree of viscoelasticity tan δ - 
 
Based on the above principles of rheology, different kinds of oscillatory measurements 
can be performed as a function of time, temperature, frequency and strain to identify changing 
properties of globular proteins under different conditions, as described by Rao (2007): 
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1- Strain sweep 
A strain sweep is used to determine the extent of linear viscoelastic range (LVR) of a 
network. The determination of LVR of a material can be carried out by increasing the 
amplitude of oscillation and observation of the magnitude of phase lag. In this test, the 
material response to increasing amplitude at a constant frequency and temperature is 
measured. Within the region of viscoelasticity, the magnitudes of stress and strain are linear, 
producing constant values of storage and loss modulus for a range of strain.  
 
2- Temperature ramp 
This test provides useful information about the heat set gels like globular protein 
aggregates by measuring rheological parameters such as storage modulus (G′) and loss 
modulus (G″) as a function of temperature at fixed frequency and strain. During a temperature 
ramp, protein molecules denature and form aggregates at high temperatures (65-90 °C). 
 
3- Time sweep 
Time sweep test represents the viscoelastic properties of materials as a function of 
time in which the strain, frequency and temperature are kept constant. The gel networks of 
proteins continue to develop during a time sweep through the complete denaturation of 
residual protein molecules. This can be observed by increase in the value of storage modulus 
as a function of time. 
 
4-Frequency sweep  
The frequency sweep test illustrates the viscous and elastic changes of the material at 
the rate of application of strain while the amplitude of the signal is constant. Derived 
parameters such as complex viscosity (η*) and tan δ provide useful information about the 
nature of the system that being tested, determining gelling properties such as a dilute solution, 
an entangled solution, a weak gel or a strong gel. Moreover, data from frequency sweeps is 
used in time-temperature superposition in order to gauge long term properties or extremely 
high/low frequencies beyond the scope of the instrument or reasonable experimental time. 
This concept uses a direct equivalency between time (i.e. frequency of measurement) and 
temperature. 
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2.2 Differential scanning calorimetry 
 
Differential scanning calorimetry (DSC) is a thermoanalytical technique in which the 
difference in the amount of heat required to increase the temperature of a sample and 
reference is measured as a function of time and temperature (Watson et al., 1964). Both the 
sample and reference are subjected to a controlled environment of time, temperature, 
atmosphere and pressure throughout the experiment. DSC can show the fundamental structure 
relationships of the separate ingredients in food systems, and also structural and 
conformational changes in materials. The magnitude of changes in thermal properties caused 
by the disturbance of conformational arrangements is readily captured in heating runs of 
solutions (Rahman et al., 2009). There are two types of DSC instruments, heat flux DSC and 
power compensation DSC. In heat flux DSC, the sample and reference pans are placed in the 
same furnace and heated by the same heating source. The temperature difference between 
sample and reference is measured and converted back to heat flow. In power compensation 
DSC, the sample and reference pans are placed in two isolated furnace and heated by different 
sources. Temperature difference of the sample and reference pans are maintained at zero by 
adjusting the heat supply to the sample pan, and the difference and heat supply is recorded as 
a function of temperature (Coleman and Craig, 1996). Moreover, calorimeters can be 
classified according to their mode of operation such as isothermal, isoperibol, and adiabatic 
calorimeters (Hemminger and Hrhne, 1984).  
 
2.2.1 Modulated DSC  
 
DSC is one of the most popular thermal analysis technique of food systems, but 
nevertheless an interpretation of heat flow curves is often difficult. This could be due to the 
complex nature of real food products, low purity of the ingredient, presence of water, and 
weak, broad or overlapping transitions. Therefore, recent extension of conventional DSC such 
as modulated DSC (MDSC) has been applied to delineate complex transitions into individual 
contributing components. The technique applies two simultaneous heating rates to the sample 
(De Meuter et al., 1999; Schawe, 1995). This complementary information, giving rise to a 
deconvolution of the (total) heat flow signal into ‘reversing’ and ‘non-reversing’ contributions 
(Schawe and Hohne, 1996). In addition, in MDSC, a different heating profile (temperature 
regime) is applied to the sample and reference. A sinusoidal modulation (oscillation) is 
overlaid on the conventional linear heating ramp to yield a heating profile in which the 
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average sample temperature still continuously increases with time but not in a linear fashion. 
Therefore, the critical parameters to be considered while a modulated DSC experiment is 
performed are the heating ramp rate, period of modulation and temperature amplitude of 
modulation. Equation 2.4 can be used to describe either DSC or MDSC (Thomas, 2005) and 
Figure 2.2 depicts the schematic diagram of a heat flux type DSC. 
 
dH / dt = CpdT / dt + f (T,t)      (2.4) 
 
where, dH / dt is total heat flow rate, Cp is heat capacity, dT / dt is heating rate,  f (T,t) is heat 
flow (a function of temperature and time), reversing heat flow is the heat capacity component 
CpdT/dt and non-reversing heat flow is the kinetic component f(T,t).  
Therefore, total heat flow as the sum of all heat flow measured by a conventional DSC 
is composed of two parts where one part denotes heat capacity and rate of temperature 
change, where the other part is a function of absolute temperature and time. Moreover, the 
total heat flow in MDSC is calculated as the average value of the raw modulated heat flow 
signal using a Fourier transformation analysis. The kinetic (non-reversing) component of the 
total heat flow is the difference between the total heat flow and the heat capacity (reversing) 
component. Heat capacity component (reversing heat flow) and kinetic component ((f(T,t), 
non-reversing heat flow) can resolve complex transitions associated with materials (TA 
instruments, n.d-a). In addition, MDSC can provides accurate determination of the 
denaturation temprature of protein systems during heating, cooling and also second heating 
(Kitabatake et al., 1990). 
 
2.2.2 Micro DSC 
 
Micro DSC (μDSC) is a technique with the capacity to work on bulk materials and 
diluted solutions with a very high accuracy, sensitivity and versatility. It features an exclusive 
three-dimensional sensor with a calibration for highly sensitive and precise measurements. In 
micro DSC system, each cell is surrounded by high sensitivity Peltier elements ensuring 
thermal contact with the calorimetric block (Figure 2.3). These detectors are proper thermal 
conductors that keep the temperature in the vessels equal to that in the calorimetric block. The 
detectors can be thermocouples, resistance wires, thermisters, and thermopiles to integrate the 
heat flux exchanged by the sample contained in an adapted vessel. In addition, the presence of 
two transducers in opposition on the "measurement" and "reference" vessels eliminates 
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variations common to the two vessels. The cells can be closed (batch type) or combined with 
fittings to introduce reactive agents (flow type). All the cells can be used in either isothermal 
or DSC mode.  
 
 
Figure 2.2 Schematic diagram of a heat flux type DSC (TA Instruments, a, 2011). 
 
Figure 2.3 Schematic diagram of a μDSC calorimetric block (Setaram Instruments, 2013). 
 
The heat flux for a given sample at a temperature Ts in μDSC systems can be 
calculated by the following equation: 
dqs/ dt = -dh/ dt + CsdTs/ dt     (2.5) 
where, dh/dt is the heat flux produced by the transformation of the sample or reaction; Cs is 
the heat capacity of the sample including that of the container. The heat flux dqs/dt is 
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exchanged with the thermostatic block at a temperature Tp through a thermal resistance, R, 
and the heat flux difference measured between the two chambers being described as follows: 
dqs/ dt = Tp -Ts / R      (2.6) 
dq/ dt = dqs/ dt - dqr / dt = -dh/ dt + CsdTs/ dt - CrdTr / dt (2.7) 
where, Cr is the heat capacity of the reference, including the container, and Tr is the 
temperature of the reference. Equation 2.6 provides a major disturbance at the introduction of 
the container into the calorimeter and shows that the thermal contribution due to the heat 
capacity of the sample and the container is very large. Equation 2.7 indicates that any 
temperature perturbation of the thermostatic block affects the calorimetric measurement. By 
combining these equations, the characteristic equation for the calorimetric measurement can 
be obtained as: 
dh/ dt = -dq/ dt + (Cs -Cr)dTp/ dt - RCsd2q / dt2   (2.8) 
where, dh/dt coresponds to an endothermic and exothermic transformation or reaction;, dTp/dt 
is null in an isothermal run; RCsd2q / dt2 is the thermal lag (Parlouër and Benoist, 2009; 
Setram Instruments, 2013). 
 
2.3 Fourier transform infrared spectroscopy  
 
Fourier transform infrared (FTIR) spectroscopy has been used since the early 1970s. 
FTIR spectroscopy is a useful technique in studying the molecular geometry and nature of 
physicochemical bonds in protein structures of β-sheets, α-helices, turns and random coils 
(Kong and Yu, 2007). According to Rees (2010), FTIR can be used for inorganic and organic 
compounds and also provides advantages such as rapid, non-destructive, sensitive and simple 
sample preparation. Principally, FTIR is based on interferometry, which uses a beam splitter 
to divide the infrared radiation into two beams. One beam is reflected to a fixed mirror and 
the other to a moving mirror. The two beams endure destructive and constructive interference 
as they recombine at the beam splitter, due to the path difference between the two mirrors. 
Infrared (IR) energy is produced from a glowing black-body. The produced beam goes 
through a small hole which controls the amount of the energy exposed to the sample, and 
eventually to the detector. The IR radiation is passed through a sample and absorbed by the 
sample resulting in spectrum absorption and transmission peaks at a molecular level. Finally, 
the beam passes to the detectors, which are designed to detect and measure the signal of 
interferogram. The general components of FTIR are the energy source, interferometer, 
detector and computer as described in Figure 2.4 (Atkins and De Paula, 2006). 
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Figure 2.4 Optical diagram of an FTIR spectrometer (Atkins and De Paula, 2006). 
 
True understanding of protein structure under different treatments can only be 
achieved by exploring the relationship that exists between the unique structure adopted by a 
protein under native and treated structure. FTIR can provide information about the secondary 
structure content of protein by shining infrared radiation on a sample and observing which 
wavelengths of radiation in the infrared region of the spectrum are absorbed by the sample. 
Characteristic bands found in the infrared spectra of proteins and polypeptides include Amide 
I and Amide II. The absorption associated with the Amide I bands leads to stretching 
vibrations of the C=O bond of the Amide, while the absorption associated with the Amide II 
band leads mostly to bending vibrations of the N-H bond (Byler and Susi, 1986). 
 
2.4 Wide angle X-ray diffraction 
 
Wide angle X-ray diffraction (WAXD) scattering is an X-ray-diffraction technique 
that is used to determine the crystalline structure of polymers and also provide information 
regarding the structure of materials at atomic resolution (I’Ason et al., 1987). WAXD 
technique refers to the analysis of Bragg peaks scattered to wide angles caused by nanometer-
sized structures (Podorov et al., 2006). According to Hirai et al. (2002), the diffraction pattern 
generated allows to determine the nature of the sample as amorphous or crystalline, chemical 
or phase composition, texture and the size of the crystallites (Hirai et al., 2002). When X-rays 
are directed in solids they will scatter in predictable patterns based upon the internal structure 
of the solid. In this respect, orbits around the atom start to oscillate in all directions with the 
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same frequency as the incoming beam when bombards by X-ray resulting in destructive 
interference (Jenkins and Snyder, 1996). The bombard electrons have energy which is higher 
than the binding energy of the atomic electron resulting in ejection of atomic electron from 
the atomic position. It will depart from the atom with a kinetic energy (E - ϕ) equal to the 
difference between the energy (E) of the original particle and the binding energy (ϕ) of the 
atomic electron (Jenkins, 2000).  
 
2.5 Luminescence spectroscopy 
 
Luminescence is a light emission representing an excess over the thermal radiation and 
continues for a time exceeding the period of electromagnetic oscillation. Luminescent 
analysis is performed using the intrinsic Luminescence of materials under observation, or 
special markers (luminophors) are added for non-luminescent materials. Light comprises a 
small part of the electromagnetic spectrum with wavelengths from approximately 10 nm to 
100 µm (Figure 2.5). The waves oscillate vertically to each other and to the direction of the 
propagation of light, and the absorption and luminescence processes occur as a result of the 
interaction of light with matter (Deshpande, 2001). Luminescence spectroscopy is 
characterized based upon the source and the nature of light excitation to fluorescence, 
phosphorescence, electroluminescence, chemoluminescence, radioluminescence and 
thermoluminescence. Fluorescence spectroscopy is a type of electromagnetic spectroscopy to 
analyze a sample using a beam of ultraviolet light that excites the electrons in molecules of 
certain compounds and causes them to emit light. Principally, fluorescence spectroscopy is 
primarily concerned with electronic and vibrational states. In this technique, the species is 
excited by absorbing a photon from its electronic state to one of the various vibrational states 
in the excited electronic state. 
 
Figure 2.5 Luminescence spectrophotometer (PerkinElmer Ltd., 2013). 
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2.6 Materials 
 
2.6.1 Bovine serum albumin (BSA) 
 
Lyophilized powder of BSA was purchased from Sigma-Aldrich (A-7906) (NSW, 
Australia). As documented by the supplier in the certificate of analysis, the product was 96% 
in concentration determined by agarose gel electrophoresis with a moisture content of 3%, 
and 1% bovine serum albumin in 0.15M NaCl possessed a natural pH of 6.9. The molecular 
weight of albumin from bovine serum is approximately 66 kDa. 
 
2.6.2 Soy glycinin 
 
Glycinin was extracted from soy protein isolate (SPI) (Oppenheimer, Sydney, NSW, 
Australia) by the method of precipitation using metabisulphite. The salt (0.98 g /L) was added 
to the SPI dispersion (10%, w/w) and the pH was adjusted to 6.4 with 0.1 M of HCL, and the 
mixture was kept in an ice bath overnight. The formed precipitate was separated through 
centrifugation at 6500 g for 20 min at 4 °C. The pellet was redissolved in distilled water and 
dialysed for 24 hours at 4 °C for complete removal of salt (metabisulphite). Solution 
containing glycinin was then freeze dried and stored at 5 °C. This was later confirmed using 
SDS PAGE analysis. 
 
2.6.3 Ovalbumin 
 
Ovalbumin was extracted from chicken egg whites (purchased from local market) by 
the method of selective salt precipitation using sodium sulphate. Saturated sodium sulphate 
solution (40%, w/w) was prepared by dissolving the anhydrous salt in warm distilled water 
and mixed with egg white in equal proportion. The formed precipitate was separated through 
centrifugation at 6500 g for 10 min at 25 °C. A solution of 0.2 N H2SO4 was slowly added to 
the liquid phase until the pH reached 4.6-4.8. The extraction continued by adding anhydrous 
sodium sulphate until the ovalbumin crystals appeared. The mixture was kept at room 
temperature overnight, and the crystalline material was separated using centrifugation at 6500 
g for 10 min at 25 °C. The pellet was redissolved in distilled water and recrystallization of 
ovalbumin was effected by addition of anhydrous Na2SO4 accompanied with stirring. Further 
recrystallization of ovalbumin was performed two times. The final product was then 
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redissolved in distilled water and dialysed in deionized water for 24 hours at room 
temperature for complete removal of salt. The presence and purity of ovalbumin were later 
confirmed using SDS PAGE analysis. 
 
2.6.4 Microbiological media and source of bacteria 
 
Isolates of Bacillus cereus (strain 3012), Escherichia coli (strain 103/1-1) and 
Staphylococcus aureus (strain ATCC 25923) cultures were obtained from the culture 
collection of the Discipline of Biosciences in the School of Applied Sciences at RMIT 
University. In addition, Isolates of Pseudomonas fluorescens 79 and 113 were obtained from 
the dairy culture collection at Food Sciences, RMIT University. The Pseudomonas cultures 
were stored at -80 °C in nutrient broth containing 20% glycerol for further experiment. 
 
2.7 Instruments 
 
2.7.1 QFP-35L- 600 high pressure food processing system 
 
QFP 35L-600 (Avure, USA) is a modern high pressure vessel which can process up to 
25 kg per cycle with a maximum operating pressure of 600 MPa (87,000 psi) and temperature 
of 50 °C during processing. This has been manufactured and tested in accordance with ASME 
(American Society of Mechanical Engineers) boiler and pressure vessel code, Section VIII, 
Division 3 (Avure, n.d). Critical processing parameters such as pressure, temperature and 
holding time depend on product and processing safety requirements. 
 
2.7.2 Advanced Rheometer Generation 2 (ARG-2) 
 
 The Advanced Rheometer Generation 2 (ARES-G2, TA instruments, USA) is an 
instrument with patented thrust bearing technology for ultra-low, nano-torque control. AR-G2 
is described by the manufacturer as a controlled stress rheometer with combined motor and 
transducer equipment, requiring smaller sample volumes and providing better resolution at the 
low frequencies. The instrument also features Smart SwapTM Geometries that detect and store 
geometry information automatically. The ARES-G2 Transducer directly measures torque and 
normal force from the current required to drive rotational and linear motors to maintain zero 
position. The independent torque measurement eliminates the need to correct for motor 
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friction and inertia, which translates to the purest torque measurement available. The 
rheometer system direct drive motor is designed to deliver the most accurate rotational motion 
over wide ranges of angular displacements and speeds. Key components of the design include 
air bearings, an 800 mN.m high-torque friction-free DC motor, patented noncontact 
temperature sensing, and an optical encoder (TA instruments, n.d-b). The ARG-2 (Figure 2.6) 
is also operational with a Peltier plate that can hold temperature between -20 °C and 200 °C 
or with an environment test chamber (ETC) which is designed on the controlled 
convection/radiant heating concept. 
 
 
Figure 2.6 Advanced Rheometer Generation 2 (ARG-2). 
 
2.7.3 Modulated Differential Scanning Calorimeter (MDSC) Q2000 
 
 MDSC-Q2000 was equipped with Advanced TzeroTM and Modulated DSCTM 
technologies, in addition to PlatinumTM software and a 50-position auto sampler facilitating 
scheduling of tests automatically and during off – work periods (TA Instruments, n.d-c). 
MDSC-Q2000 is a sophisticated DSC, with high sensitivity, resolution and stability (Figure 
2.7). 
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Figure 2.7 Modulated Differential Scanning Calorimeter (MDSC) Q2000. 
 
2.7.4 Micro Differential Scanning Calorimeter (microDSC VII) 
 
 Thermal profiles of solids systems at low to intermediate solids contents were 
determined by a micro DSC (SETARAM, Figure 2.8) as it was found to be more sensitive in 
revealing thermal events. Peltier elements and auxiliary thermostats provide temperature 
range between -25 to 120 °C. The high sensitivity and versatility of micro DSC facilitate the 
detection and measurement of subtlest transitions precisely and accurately.  
 
Figure 2.8 Micro DSC VII (SETARAM) 
 
2.7.5 Fourier Transform Infrared (FTIR) spectroscopy Spectrum 100 
 
FT-IR spectroscopy spectrum 100 (Perkin Elmer, USA) is a modern and highly 
sensitive instrument with advanced digital signal processing that reduces signal artefacts and 
improves response linearity (Figure 2.9). The principle hardware components include 
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dynascan interferometer, electronically temperature stabilised detector, source doubling 
mirror, sigma-delta conversion technology, second detector expandability, etc. Spectrum 
software provides user friendly interface that minimizes training and ensures consistent 
operation. Spectra were obtained in absorbance mode for the wavelength range of 600-4000 
cm-1 with a resolution of 4 cm-1. This was corrected against the background spectrum of the 
solvent at ambient temperature. 
 
 
Figure 2.9 FT-IR Spectroscopy- spectrum100. 
 
2.7.6 Bruker D4 Endeavour Wide angle X-ray diffractometer 
 
BRUKER D4 Endeavor diffractometer shown in Figure 2.10 is from Karlsruhe, 
Germany and features a high precision 2 circle goniometer, modern X-ray optics and 
detectors. The instrument is equipped with the largest sample magazine available and allows a 
wide variety of different samples to be loaded in a single batch. The samples can be thin, 
small in size or amount, irregularly shaped, environmentally-sensitive, oriented powder, or 
typical powder. The equipment software (DIFFRACplus) allows fully automatic process of 
measurements, analyzes and sample changing. In addition, the D4 Endeavor performs 
qualitative and quantitative crystalline phase analysis, peak profile analysis, residual stress 
determination and structure solutions. This work utilised the D4 Endeavour unit available 
within the Integrated Victorian X-ray Structural Determination and Materials Characterization 
Facility located at RMIT University. It was equipped with a 66 position auto-sampler and 
innovative 1-dimensional X-ray detector-Lynxeye, which reduces measurement time per 
sample. 
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Figure 2.10 Bruker D4 Endeavour wide angle diffractometer 
 
2.7.7 Luminescence Spectrometer LS50B  
 
LS50B Luminescence Spectrometer (Perkin-Elmer, USA) is a complete computer 
controlled rationing luminescence spectrometer with the capability of measuring fluorescence, 
phosphorescence, chemiluminescence and bioluminescence (Figure 2.11). Featuring 
excitation and emission monochromators and also excitation/emission polarizers, it is suitable 
for fluorescence polarization, anisotropy, and ratio measurements. The sample cells are 
located in the sample compartment and a range of sampling accessories can be installed in this 
area.  
 
Figure 2.11 Luminescence Spectrometer LS50B 
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2.8 Sample preparation 
 
2.8.1 Bovine serum albumin 
 
BSA powder was dissolved in distilled water to achieve an initial concentration of 10-
30% (w/w) through gentle mixing using a magnetic stirrer. Samples were then introduced to 
vacuum rotary evaporator to achieve condensed preparations. Samples were concentrated to 
40, 50, 60, 70 and 80% (w/w) total solids. Samples then were vacuum sealed and stored at 4 
°C for pressure treatment. 
 
2.8.2 Glycinin 
 
Dispersions of 10% (w/w) solids content were prepared by mixing the powder of the 
extracted in this work freeze dried glycinin in deionized water at neutral pH and ambient 
temperature. A series of concentrations for the glycinin samples (20-80%, w/w) were 
prepared by dehydrating this original material using a vacuum rotary evaporator at 40 ± 1 °C. 
Samples were then vacuum sealed and stored at 4 °C for pressure treatment. 
 
2.8.3 Ovalbumin 
 
Dispersions of 10 % (w/w) solids of ovalbumin that has been extracted in the 
investigation were prepared by mixing the freeze-dried powder in deionized water. To ensure 
proper dissolution, the samples were stirred for 2 hours using a magnetic stirrer and stored at 
4 °C overnight. Following this, a series of concentrations for the ovalbumin samples (20-80%, 
w/w) were prepared by dehydrating the original material using a vacuum rotary evaporator at 
40 °C ± 1 °C. 
 
2.8.4 Preparation of crude Pseudomonas protease 79 and 113 
 
Crude protease 79 and 113 were produced from isolates of Pseudomonas fluorescens 
79 and 113 in nutrient broth containing 20% glycerol. Frozen bacteria were inoculated into 
nutrient broth (10 ml) and incubated at 25 °C for 24 hours followed by centrifugation at 3020 
g and washing with 145 mM NaCl. The suspension including bacterial cells was introduced to 
UHT skim milk to achieve a cell count of 105 – 106 cfu/ml followed by incubation of skim 
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milk at 4 °C for 8 days and centrifugation at 28000 g for 40 min at 4 °C. The presence and 
purity of crude proteases were later confirmed using SDS PAGE analysis. 
 
2.8.5 Preparation of protein samples containing protease and microbial cultures 
 
Protein powders (BSA, glycinin and ovalbumin) were separately dissolved in 
deionized water to achieve an initial concentration of 10-30% (w/w) through gentle mixing 
using a magnetic stirrer. Samples were then dehydrated using a vacuum rotary evaporator up 
to a concentration of 30 to 60% (w/w), depending on the type of protein. Crude bacterial 
proteases 79 and 113 were then introduced separately into these systems at a concentration of 
0.1% (w/w). A final series of concentrations for the protein samples (20-80%, w/w) were 
prepared by dehydrating the original material using a vacuum rotary evaporator at 40 °C. 
For microbial experiments, each culture was diluted (1:100) in 150 mM sodium 
chloride and added to the various protein samples from 10 to 60% (w/w), whereas the final 
two concentrations of 70 and 80% (w/w) was prepared by dehydrating the original material 
using a vacuum rotary evaporator at a constant temperature of 40 °C. Then, serial dilutions of 
the protein samples with microbial cultures were performed, and a portion of the diluted 
protein samples was used for enumeration of the microbial cells. 
 
2.9 Experimental methods 
 
2.9.1 High pressure processing 
 
Protein samples at concentrations of 10-80% total solids were vacuum sealed and 
placed into a cylindrical pressure chamber. The pressure transfer medium used was water. The 
maximum operational pressure of 600 MPa was reached in approximately 2 min. Samples 
were introduced into the high-pressure machine at 4 °C and reached a maximum of 22 °C 
during pressurization owing to adiabatic heating (the temperature did not exceed 40° C during 
experimentation to affect the protein denaturation). After acquiring the required pressure (600 
MPa) and keeping the isobaric conditions for a holding time (15 min), the pressure was 
released and the material was removed. Pressurized samples were kept for further analytical 
measurements to study the extent of protein denaturation. In addition, samples containing 
protease were stored at -20 °C to prevent protease activity (if remained) after the 
pressurization process. 
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2.9.2 Rheology 
 
The viscoelastic properties, including storage modulus G′, loss modulus G″, complex 
shear modulus (G* = G' + iG"), and tan δ (G"/G') of protein samples were studied using the 
controlled strain rheometer mentioned earlier with parallel-plate geometry (40, 20, and 10 mm 
diameter) and 1 mm gap. A thin layer of silicon fluid (100 cs) was added to exposed edges of 
the sample to prevent moisture loss. Dynamic measurements for all protein samples were 
performed at the predetermined linear viscoelasticity region (LVR). The LVR was determined 
using a strain sweep at a frequency of 1 rad/s where the sample was sinusoidally deformed 
with increasing strain. 
Experimental procedure for BSA samples (atmospheric and pressurized) consists of a 
heating ramp from 25 to 85 °C with a rate of 2 °C/min, followed by an isothermal step at 85 
°C for 20 min under constant strain of 0.1% and angular frequency of 1 rad/s, and a frequency 
sweep ranging from 0.1-100 rad/s. 
Experimental procedure for glycinin samples (atmospheric and pressurized) consists 
of a heating ramp from 25 to 80 °C with a rate of 2 °C/min, followed by an isothermal step at 
80 °C for 10 min under constant strain of 0.1% and angular frequency of 1 rad/s. Samples 
were then cooled to 5 °C at 2 °C/min under constant strain of 0.1% and frequency of 1 rad/s, 
followed by a frequency sweep ranging from 0.1-100 rad/s to examine the viscoelastic 
properties of formed gels. 
Experimental procedure for ovalbumin samples (atmospheric and pressurized) consists 
of a heating ramp from 25 to 85 °C with a rate of 2 °C/min, followed by an isothermal step at 
85 °C for 10 min at a constant strain of 0.1% and angular frequency of 1 rad/s. Samples were 
then cooled to 5 °C at 2 °C/min under constant strain of 0.1% and frequency of 1 rad/s. 
Further observations were taken with a frequency sweep ranging from 0.1-100 rad/s to 
examine the viscoelastic properties of formed gels. 
Experimental procedure for high solid preparations (80%, w/w) was carried out by 
analysing the mechanical behavior of samples undergoing glass transitions for all three 
protein systems using the rheometer described earlier attached with an environmental test 
chamber (ETC). Protein samples were loaded on the Peltier plate and analysis was performed 
using 10 mm parallel plate geometry under defined conditions. Liquid nitrogen was purged 
into the chamber to extend the temperature range of the system. Samples were first heated to 
80 °C (glycinin) and 85 °C (BSA and ovalbumin) at 2 °C/min followed by an isothermal run 
at 80 and 85 °C for 10 and 20 min, respectively. Systems were cooled to sub-zero temperature 
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at 2 °C/min to reproduce the master curve of viscoelasticity, where the sample passes from the  
rubbery state through the glass transition to glassy consistency at sub-zero temperatures. At an 
interval of four degrees centigrade, frequency sweeps were performed within a range of 0.1–
100 rad/s to examine the time dependent mechanical properties of the matrix.  In addition, 
pressurized samples were cooled from 25 °C to subzero temperatures at the above controlled 
scan rate followed by frequency sweeps to mathematically model the system with the concept 
of time-temperature superposition (TTS) thus matching the analysis used for the atmospheric 
pressure samples. 
 
2.9.3 Differential scanning calorimetry 
 
Micro differential scanning calorimetry and modulated differential scanning 
calorimetry were used to analyze thermal properties of globular proteins (BSA, glycinin and 
ovalbumin). 
Micro Differential Scanning Calorimetry (μDSC) was used to observe the transitions 
of BSA involving a relatively low change in enthalpy using a highly sensitive Seteram VII 
model. Pressurized and atmospheric samples of BSA were placed in microDSC alloy pans 
(~600 mg) and an equal amount of water served as reference. Samples were heated from 25 
°C to 100 °C at a rate of 1 °C/min and then cooled to 20 °C at 1°C/min to observe the 
endothermic peak representing denaturation of BSA molecules. 
Modulated Differential Scanning Calorimetry (MDSC) was used to analyze the 
transitions of glycinin and ovalbumin systems at low and high solids content. Samples (about 
8 mg) were placed in a hermetically sealed aluminium pan and an empty pan served as the 
reference. Ovalbumin samples were heated from 25 °C to 110 °C at 5 °C/min. Modulation 
amplitude of 0.53 °C at every 40 s were used throughout the experiment. Enthalpy of 
denaturation (ΔH), denaturation temperature (Td) and heat flow (W/g) trace were monitored to 
study various denaturation patterns of the protein systems. For glycinin, low and high solids 
samples were heated to 200 °C to observe the thermal behavior as well as the denaturation 
temperature.  
 
2.9.4 Wide angle X-ray diffraction 
 
The atmospheric and pressurized protein samples were freeze-dried and powdered 
prior to placing on the sample magazine. An accelerating voltage and current of 40 kV and 40 
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mA, respectively, were employed to produce the diffractograms of systems. These were then 
continuously scanned to obtain the raw data in a 2θ range between 5° and 90° in measuring 
intervals of 0.1°. They were subsequently analyzed using the Bruker Advanced X-ray 
Solutions software, DIFFRACplus Evaluation (Eva), version 10.0 revision 1. 
 
2.9.5 Fourier transform infrared (FTIR) spectroscopy 
 
FTIR spectra of protein samples were recorded using Perkin Elmer Spectrum 100 
attached with MIRacle™ ZnSe single reflection ATR plate. Absorbance mode was utilised to 
obtain the spectra for the wavelength range of 400–4000 cm-1 with a resolution of 4 cm-1. This 
was corrected against the background spectrum of the solvent at ambient temperature before 
plotting. Obtained spectra were later deconvoluted within the range of interest (Amide I, 
1600-1700 cm-1) to observe the secondary conformation of protein molecules using the 
software spectrum. 
 
2.9.6 Enumeration of microbial count 
 
Enumeration of microbial count was performed using Bacillus Cereus Selective Agar 
Base (Oxoid; Thebarton, SA) containing Polymyxin B (Oxoid; Thebarton, SA) and Egg Yolk 
Emulsion (Oxoid; Thebarton, SA) as supplements (for Bacillus cereus), Petrifilm E. 
coli/Coliform Count Plates (3M; Pymble, NSW) (for E. coli) and Petrifilm Staph Express 
Count Plates (3M; Pymble, NSW) (for Staphylococcus aureus). One mL of diluted protein 
samples in sodium chloride was spread on the Petrifilm plates (S. aureus and E. coli) and 100 
L of the dilute protein sample on the petri dish agar plate (B. cereus), incubated for 20 ± 2 
hours at 37 ± 1 °C and then enumerated. Detection limits were of 1.0 × 101 cfu/mL for the 
total count, 1.0 × 102 cfu/mL for B. cereus, 10.0 × 101 cfu/mL for E. coli and S. aureus. All 
measurements were performed in triplicate. 
 
2.9.7 Luminescence Spectrophotometry  
 
The activity of protease 79 and 113 was analyzed by determination of the 
concentration of free amino groups (FAG) using Luminescence Spectrophotometer LS50B 
(Perkin Elmer). A 500 µL volume of protein sample was mixed with 500 µL of 734 mM 
trichloroacetic acid (TCA) to precipitate macromolecular entities followed by filtration and 
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mixing with sodium phosphate and fluorescamine in acetone. Then, the intensity of 
fluorescence was measured in Luminescence Spectrophotometer at an excitation wavelength 
of 390 nm and emission wavelength of 475 nm using LS50B (Perkin Elmer). Observed FAG 
of atmospheric and pressurized samples was expressed in units of Leu-Gly equivalents in 
relation to the standard curve in triplicate experiment. 
 
2.9.8 Sodium Dodecylsulphate Polyacrylamide Gel Electrophoresis 
 
SDS-PAGE was performed according to the method of Laemmli (1970) in a Bio-Rad 
mini-Protein electrophoresis cell at a constant voltage (100 V) with a gel concentration of 6%. 
A range of protein stock solutions from1 to10 μg/ml was prepared in phosphate buffered 
saline. Protein and protease samples for SDS-PAGE were prepared by mixing with sample 
buffer (60 mM Tris-HCl, 2% SDS, 14.4 mM β-mercaptoethanol, 25% glycerol, 0.1% 
bromophenol blue, pH 6.8). Proteins were resolved on a 12.5 or 10% separation gel and 
stained with Coomassie Brilliant Blue for 30 min and were stored overnight. The solution was 
homogenised by 30 s sonication cycles for 3 min. Two different concentrations of non-
denatured samples (50 and 100%) and five different concentrations of heat-denatured protein 
samples (10, 30, 60, 90, and 100%) were prepared from the stock solution. Following 
migration, the protein fractions were further stained with 0.1% Coomassie Brilliant Blue.   
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CHAPTER 3 
STRUCTURAL BEHAVIOR IN CONDENSED BOVINE 
SERUM ALBUMIN SYSTEMS FOLLOWING APPLICATION 
OF HIGH PRESSURE 
 
ABSTRACT 
 
The present study shows that application of high hydrostatic pressure of 600 MPa for 
15 min at ambient temperature on condensed bovine serum albumin systems (BSA) with up to 
80% w/w solids content has a limited effect on the conformational structure of the protein, as 
compared to thermal treatment. This was demonstrated throughout the experimental 
concentration range using small-deformation dynamic oscillation, differential scanning 
calorimetry and infrared spectroscopy. BSA possesses seventeen disulfide linkages per 
molecule, which constitutes a stable arrangement with high energy requirements for 
substantial structure alteration. Upon cooling, pressurized materials undergo vitrification and 
networks exhibit comparative mechanical strength to that of thermally treated counterparts. 
The mechanical manifestation of the glass transition region and glassy state for atmospheric 
and pressurized samples was examined by the method of reduced variables and the combined 
framework of WLF/free volume theory producing disparate predictions of the glass transition 
temperature for the two types of polymeric network.  
 
Key words: bovine serum albumin, high hydrostatic pressure, high-solid systems, microDSC, 
FTIR, mechanical Tg  
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3.1 Introduction 
 
In the last ten years or so, there has been a marked increase in the application of high 
pressure processing (HPP) in the food industry worldwide by creating “fresh” fruit juices with 
enhanced natural flavour retention and higher content of natural vitamins compared to 
conventional thermally treated products. In terms of protein functionality, which is the subject 
of interest in this work, pressure processing can lead to denaturation and different states of 
viscosity, aggregation or gelation depending on the protein system, treatment temperature, 
physicochemical environment of solution, and magnitude or duration of applied pressure 
(Patel et al., 2005). 
The effect of high hydrostatic pressure on the structure of proteins in aqueous solution 
has received considerable attention over the last few years (Dumay et al., 1994; Hayakawa et 
al., 1992). These studies have confirmed the view that, since formation of ion pairs or 
hydrophobic bonds is accompanied by a substantial positive volume change, high pressure 
treatment has a disruptive effect on intermolecular electrostatic and hydrophobic interactions. 
On the other hand, hydrogen bond formation is associated with a small (usually negative) 
volume change, and so hydrogen bonding is relatively insensitive to pressure. This means that 
high pressure may be able to disrupt the secondary, tertiary and quaternary structure of 
globular proteins but has no effect on the primary structure (Dumay et al., 1994). 
Bovine serum albumin (BSA) is a protein component of whey and blood. Its 
physicochemical and structural properties have been well-characterized, making it a desirable 
model system for food related research (Leibman, et al., 1975). In terms of thermal 
processing, formation of a gel network takes place at moderate operating temperatures (80 °C 
for 30 min). Pressure-induced unfolding of BSA can rapidly lead to aggregation at pressures 
above 400 MPa, depending on protein concentration and treatment time, but there is no 
subsequent gelation in samples subjected to high pressure of 400 MPa for 30 minutes. Using 
spectrofluorometry, it was demonstrated that the conformation of BSA remains fairly stable at 
pressures of 400 MPa at low protein concentration. This pressure stability of BSA is 
positively correlated with the high amount of disulfide bonds stabilizing its three-dimensional 
structure (Michnik, 2003; Hayakawa et al., 1992). 
Application of high pressures affects the secondary structure of BSA, with changes 
mainly consisting of a decrease in -helical structure accompanied by a slight increase in β-
sheet structure (Hosseini-Nia et al., 2002). Most studies report that pressures between 800 and 
1000 MPa are required to bring upon considerable alteration to the secondary structure of the 
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protein. Hayakawa et al. (1996) reported a decrease in BSA helix content of up to 50% at 
1000 MPa at about 30 °C after 10 min. These structural modifications of the protein under 
pressure can be irreversible depending on pH, protein concentration, and accompanying 
thermal treatment or shear. 
Literature thus far reported on relatively dilute aqueous systems, i.e. up to 10 or 20% 
(w/w) solids content, and demonstrated the effect of level and time of pressurisation on 
reversible or irreversible conformational change in protein structure (Hayakawa et al., 1992; 
Hosseini-Nia et al., 2002; Patel et al., 2005). The present investigation employs several 
physicochemical techniques and theoretical modelling for the characterisation of the structural 
properties of atmospheric and pressurized condensed BSA systems reaching a solids content 
of up to 80% (w/w) in preparations. In these high-density systems, protein macromolecules 
are unable to rearrange themselves into regularly ordered forms and instead exhibit an 
amorphous rubbery or glassy consistency (Kasapis and Mitchell, 2001).  
The passage from the rubbery to glassy state is in the nature of a second-order 
thermodynamic transition describing changes in state but not in phase (Kasapis, 2008). 
Headway in this type of research is achieved by adapting theoretical frameworks from the 
“sophisticated synthetic polymer science”, which allows determination of viscoelastic 
functions in relation to time or temperature of observation. Molecular and macroscopic 
properties of concentrated BSA matrices have been thus examined in this work using FTIR, 
microDSC and dynamic oscillatory rheometry in shear, where very little if anything has been 
reported in the literature in terms of the pressure effects. 
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3.2 Materials and methods 
 
3.2.1 Materials, sample preparation and treatment 
 
Bovine serum albumin (BSA) was lyophilized powder from Sigma-Aldrich, Castle 
Hill, NSW, Australia. It had purity of more than 98% based on agarose gel electrophoresis, 
the molecular weight was about 66 kDa, and the pH of 1% (w/w) solution in 0.15 M NaCl 
was 6.8-7.2. 
Dispersions of 10-30% (w/w) solids were prepared by mixing the powder in deionized 
water at neutral pH and ambient temperature. These were stirred for approximately 2 hrs 
using an IEC magnetic stirrer at 510 rpm to ensure proper dissolution. They were stored 
overnight at 4 °C to achieve thorough hydration and the removal of air bubbles. A series of 
concentrations for the BSA protein samples (40, 45, 50, 55, 60, 65, 70, 75 and 80%, w/w) 
were prepared by dehydrating this original material using a rotary evaporator at 40 °C (± 1 
°C), and all samples were made three times to allow for experimental replication. 
Samples were treated with high hydrostatic pressure at ambient (initial) temperature 
(22 °C) for 15 min using the cylindrical chamber of a high pressure unit with 35 litre volume 
and 70 mm plunger diameter (Quintus Press – QFP  35L, Avure Technologies, Kent, WA, 
USA). The pressure medium was demineralised water, the pressure build up was performed at 
about 100 MPa per 20 s and the accessible pressure range extended to 600 MPa, which was 
sufficient to induce considerable structural effects on our materials. Recorded temperature 
profile during HPP showed that during compression to 600 MPa the temperature increased by 
about 20 °C. The maximum temperature (about 42 °C) was not high enough to induce thermal 
denaturation of BSA during pressurisation. Atmospheric samples, and pressurized 
counterparts (following HPP treatment), were subjected to physicochemical experimentation 
over a broad temperature range of -70 to 90 °C (Dissanayake et al., 2012; Kasapis and 
Mitchell, 2001). 
 
3.2.2 Methods of analysis 
 
Small-deformation dynamic oscillation: Small-deformation dynamic oscillation in 
shear was used to analyze BSA samples being pressure or thermally treated with a controlled 
strain AR-G2 rheometer (TA Instruments, New Castle, DE, USA). Standard steel parallel 
plate geometries of 10, 20 and 40 mm were needed to obtain measurements of samples 
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containing 10, 20, 30, 40, 50, 60, 70 and 80% (w/w) total solids. Thermal gelation of BSA 
samples was carried out by applying small amplitude oscillatory measurements at a constant 
strain of 0.1 to 0.001% and angular frequency of 1 rad/s. About 3.1 mL of sample was 
introduced onto the Peltier plate of the instrument and a thin layer of silicon oil was placed on 
the gap between the two measuring plates to minimize evaporation. Prior to analysis, samples 
were equilibrated at 25 °C for 2 min. Then they were heated from 25 to 85 °C at a rate of 2 
°C/min, kept at that temperature for 20 min under observation and further monitored with 
increasing frequency from 0.1 to 100 rad/s at 85 °C to examine the nature of formed gels. 
Thus, the low-amplitude oscillatory measurements of the real (G'; storage modulus) and 
imaginary (G"; loss modulus) parts of the complex shear modulus (G* = G' + iG"), and tan δ 
(G"/G') were recorded at atmospheric pressure (Dissanayake et al., 2012; Kasapis, 2012). A 
similar experimental protocol was adopted for materials at this solid content that were prior 
subjected to high pressure. All experiments were performed in triplicate and effectively 
overlapping traces were reported.  
The investigation of vitrification phenomena using small amplitude oscillatory 
measurements of 80% (w/w) BSA samples at atmospheric pressure or pressurized at 600 MPa 
for 15 min was obtained at a constant strain of 0.001% and angular frequency of 1 rad/s. In 
doing so, 80% BSA samples at atmospheric pressure were thermally denatured by heating 
from 25 to 85 °C at a rate of 2 °C/min, kept at that temperature for 20 min and then cooled 
down at 2 °C/min to subzero temperatures. Frequency sweeps were also carried out from 0.1 
to 100 rad/s and strain of 0.001% at the low temperature end of the experimental routine at 
constant temperature intervals of four degrees centigrade to facilitate theoretical modelling of 
the molecular processes responsible for the observed viscoelastic behavior in the glass 
transition region and glassy state. Pressurized samples of 80% BSA were cooled from 25 °C 
to subzero temperatures at the above controlled scan rate followed by frequency sweeps to 
match the analysis implemented for the atmospheric pressure counterparts. In the high solid 
(80%) regime, there is no ice formation at subzero temperatures, which allows treatment of 
results with the glass transition theory. 
 
Micro differential scanning calorimetry: Thermal analysis of BSA samples was 
measured by a micro differential scanning calorimeter VII from Setaram, France. The 
calorimetric furnace of Micro DSC VII is made of a double aluminium wall, with the 
experimental and reference vessels being inserted into the furnace via two cylindrical cavities. 
The minimum and maximum temperatures that can be reached using a Peltier device are -20 
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and 120 °C, respectively. Purging rate of nitrogen gas was 50 mL/min. Samples of around 850 
mg were accurately weighed into aluminium pans and hermetically sealed. A pan with water 
of equal weight was used as the reference. The 10, 20, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75 
and 80% (w/w) BSA samples at atmospheric pressure were analyzed by equilibrating at 25 
°C, ramping the temperature to 100 °C at a rate of 1 °C/min and then cooling to 20 °C at 1 
°C/min. Similar experimental settings were utilised for pressure treated samples at those 
concentrations. Enthalpy of denaturation (ΔH) and denaturation temperature (Td) were 
determined by instrument software after manually setting the starting and ending points of the 
peak. Excellent reproducibility was recorded amongst the various replicates of each 
experimental concentration. All experiments were performed in triplicate with data statistical 
testing on ANOVA (one way, p > 0.05). 
 
Fourier transform infrared spectroscopy: Fourier transform infrared spectroscopy for 
pressurized, heat-treated and atmospheric samples of BSA was carried out using a Perkin 
Elmer Spectrum 100 FT-IR spectrometer with the combined software of Spectrum, Version 
6.0.2 (Springvale Road, Glen Waverley, Melbourne, Vic, Australia). Sample spectra were 
obtained in the absorbance mode. For each spectrum, an average of four scans was recorded at 
4 cm-1 resolution in the range of 1400 – 1800 cm-1 after atmospheric and background 
subtraction. Spectra of Amide I and Amide II peaks were deconvoluted, using the proprietary 
software Spectrum Version 6.0.2, to obtain the characteristic signals that represent the 
secondary conformation of the protein. All experiments were performed in triplicate with data 
statistical testing on ANOVA (one way, p > 0.05). 
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3.3 Results and discussion 
 
3.3.1 Structure formation in BSA samples 
 
Small deformation dynamic oscillation in shear was employed to provide insights into 
the mechanical properties of BSA preparations ranging in solids content from 10 to 80% 
(w/w). The development of a three-dimensional structure for atmospheric materials was 
illustrated in Figure 3.1a, where the logarithm of storage modulus (G′) was plotted against a 
linear temperature-time equivalence that extends to 85 °C over a 50 min period of 
observation. Samples up to 50% solids demonstrated liquid-like behavior during the initial 
period of treatment, but transformed to gels with increasing heating. As discussed in the 
literature, heating unfolds the interior pocket of the molecule to expose a single cystein 
molecule at position 34 and provide easy access to the creation of disulfide bridges for further 
aggregate formation (Leibman et al., 1975; Oakes, 1976). Raising further the BSA content 
from 60 to 80% exhibited an immediate solid-like behavior, where values of storage modulus 
stayed well above 103 Pa throughout the experimental routine. 
In contrast to the above discussion, pressurized BSA samples recorded from the 
beginning of the heating scan strong structures at low concentrations, for example, in the 
storage modulus values of 20% (w/w) solids that were approximately 102.5 Pa at 25 °C 
(Figure 3.1b). Packed polymeric matrices achieved with HHP treatment were partially 
loosened up during thermal treatment but samples remained very rigid, with G' values 
remaining close to 107 Pa throughout the combined temperature/time run for 80% solids in 
formulations. In both atmospheric and pressurized systems, there was a gradual drop in the 
values of G' from 45 to 75 °C with increasing temperature, owing to the destabilisation of 
hydrogen bonding and electrostatic interactions in the protein molecule. This was followed by 
protein denaturation, the build-up of thiol/disulfide interchange reactions and hydrophobic 
interactions leading to an increase in the values of G' at the end of the heating and isothermal 
runs at 85 °C (Clark and Lee-Tuffnell, 1986; Considine et al., 2007). 
Rheological results in Figures 3.1(a-b) argue that high pressure processing had an 
effect on BSA shown by the early structure formation upon commencing the heating run. 
Samples, however, further denature at higher temperatures, according to experience with the 
thermally treated systems, and create cohesive three-dimensional structures at the end of the 
experimental test. The micromolecular nature of the two types of associations produced by the 
atmospheric and pressurized samples will be further examined below. 
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3.3.2 Micromolecular aspects of the thermal behavior in BSA systems 
 
The extent of molecular rearrangements as a function of thermal and high pressure 
treatments in BSA was monitored by measuring the denaturation temperature of protein 
systems and change in enthalpy (ΔH) in endothermic events using micro differential scanning 
calorimetry. Figures 3.2(a-b) depict the thermograms of our samples containing up to eighty 
percent solids during heating from 25 to 100 °C at a scan rate of 1 °C/min. As before, systems 
were tested either at atmospheric pressure or after pressurizing at 600 MPa for 15 min. In both 
cases, there are well-defined troughs, but with some variation in size and range of temperature 
bands, which reflect the main characteristics of the endothermic event. The emphasis here was 
to pinpoint the temperature range of first-order thermodynamic transitions and calculate the 
change in enthalpy (ΔH) in endothermic processes from the area under the peak of the thermal 
event. 
Increasing the polymer concentration up to 55% in preparations produces bimodal 
thermograms with increasing temperature. Thus the spectrum of denaturation temperatures for 
atmospheric samples was from 61 to 77 °C and from 76 to 91 °C for the first and second 
unfolding transitions, respectively (Table 3.1). In pressurized materials, the corresponding 
values for the two endothermic peaks were 65 to 81 °C and 80 to 92 °C, respectively. In 
general, there was an increase in the values of various denaturation temperatures (onset, peak 
and endset) of four to five degrees centigrade with treatment, which should be attributed to 
the high density effect of HHP on protein matrices. As expected, the enthalpy requirement 
(ΔH) for denaturation raised with protein content from 10 to 80% w/w. 
Literature has reported the deconvolution of DSC thermograms for aqueous BSA 
preparations, at a relatively dilute regime (e.g. 10% solids), into two independent phase 
transitions, which depend on pH and ionic strength (Kang and Singh, 2003). It has been 
suggested that the two peaks appear when the native conformation of the protein is broken 
leading to the formation of a crevice surrounded by two thermodynamically independent 
domains (Yamazaki et al., 1990; Barone et al., 1995). The low temperature DSC peak 
corresponded to a BSA domain at the vicinity of tryptophan at position 212. The high 
temperature DSC peak is associated with the cooperative collapse of two homologous BSA 
structures (second domain), which together assembled to form a heart shaped molecule in the 
native conformation (Giancola et al., 1997; Barone et al., 1993). 
This deconvolution pattern was reflected in our results, but at higher BSA 
concentrations (> 60%, w/w) a single peak develops in Figures 3.2(a-b). In this regime, the 
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molecular domains of the BSA structure appear to collapse together via a broad endothermic 
event due to the scarcity of water molecules needed for the formation of thermodynamically 
distinct morphologies in the protein (Michnik, 2003). Overall, application of high pressure 
processing had a partial effect on the native morphology of BSA, which undergoes further 
denaturation during heating congruent with the thermograms of the atmospheric counterparts.    
 
3.3.3 Further probing into the micromolecular aspects of BSA matrices 
 
In this part of the present discussion, we have taken advantage of the specific 
absorbance of protein molecules under infrared spectroscopy that is characteristic of native 
conformation and structure. In doing so, atmospheric, temperature and high pressure treated 
samples were examined with infrared spectroscopy (FTIR) to observe transformations in 
molecular architecture. The infrared active amide vibrations characteristic of BSA can be 
observed in FTIR spectra as amide I and amide II bands in the 1700-1480 cm-1 region. Amide 
I band presents in the range of 1700 to 1600 cm-1, is primarily attributed to an out-of-phase 
combination of C=O and C–N stretching of amide groups and relates directly to secondary 
structure (Doesseau and Pezolet, 1990; Surewicz et al., 1992). Amide II band occurs in the 
region of 1575 to 1480 cm-1 and is attributed to an out-of-phase combination of in-plane C–N 
stretching and N–H bending of amide groups (Dong et al., 1990; Byler and Susi, 1986). 
Figure 3.3a illustrates original FTIR spectra for selected BSA preparations obtained at 
atmospheric pressure without any treatment, after pressurisation and finally following thermal 
processing, and Figure 3.3b summarises all infrared results in amide I throughout the 
experimental concentration range. Clearly, pressurisation had an effect on the secondary 
structure of the molecule, which is further altered by thermal treatment, seen in some detail in 
the intensity of amide I peaks. Quantitative estimation of the secondary structure is based on 
the assumption that protein conformation is the linear sum of certain fundamental secondary 
elements. Thus, deconvolution of a specific band (in particular amide I) generates a series of 
secondary peaks that represent different components within the secondary structure of the 
protein. The approach helps considerably with determination of the proportion of secondary 
elements in the molecule as a result of processing or physicochemical environment (Dong et 
al., 1990).  
Figures 3.3(c-d) explore this approach by displaying changes in the secondary 
structure recorded at ambient temperature for native preparations, samples that have been 
previously pressurized at 600 MPa for 15 min, and heat treated at 85 °C for 20 min by 
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assigning band frequencies to conformational characteristics of the protein. The secondary 
conformation of 30% (w/w) BSA in Figure 3.3c was in agreement with reported percentages 
of -helix and -sheets structures that are about 40 to 60% and 15 to 20% in the native form, 
respectively (Carter and Ho, 1994; Clark, Saunderson and Suggett, 1981). When the protein 
was in the denatured form, the intensity of the former signal decreases suggesting partial loss 
of the -helix content. Moreover, this decrease was accompanied by the appearance of 
intermolecular -sheet strands, which are an important conformational component of a 
partially aggregated secondary structure (Stokkum et al., 1995).  
FTIR work was repeated for all experimental concentrations, with preparations of 80% 
solids being also shown here (Figure 3.3d), to produce similar patterns of changing 
conformation with the low-solid counterparts. Results argue that BSA largely retained its 
native conformation following pressurisation, which should also maintain bioactivity 
alongside structural functionality. Network formation in high-solid systems, in relation to 
glass transition phenomena, merits further investigation using rheological techniques 
described below. 
 
3.3.4 Vitrification phenomena in condensed BSA samples 
 
In the last part of this work, we examined the molecular packing of condensed BSA 
matrices, with reference to possible applications in high-solid systems for the food and 
pharmaceutical industries. Figure 3.4a reproduces small deformation oscillatory profiles of 
80% (w/w) atmospheric and pressurized BSA samples. The former needs thermal activation at 
85 °C to form a three dimensional network. Upon cooling of both materials, at a rate of 1 
°C/min, constant frequency of 1 rad/s and a small amplitude of oscillatory strain at 0.001%, 
the values of storage modulus increased considerably to represent distinct consistencies of the 
viscoelastic master curve.  
In further experimentation, materials were heated up to reproduce the outcome of the 
cooling protocol in Figure 3.4a but extend the effective timescale of observation from 0.1 to 
100 rad/s. The frequency dependence of storage and loss modulus was plotted in double 
logarithmic plots at regular temperature intervals of four degrees centigrade for both 
atmospheric systems and their counterparts that have been subjected to prior pressurisation 
(data not shown). Relatively low values were observed at the high temperature end (e.g. 16 °C 
for atmospheric and -39 °C for pressurized samples), but there was substantial build-up of 
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viscoelasticity at lower temperatures (e.g. -20 °C for atmospheric and -75 °C for pressurized 
systems).  
Following this, we employed the method of reduced variables to construct master 
curves of viscoelasticity as a function of time of observation (Prolongo et. al., 2002). Data 
were processed by choosing arbitrarily a point as the reference temperature (To) and shifting 
the remaining spectra along the log frequency axis until a uniform curve was obtained. 
Reference temperatures within the glass transition region were 12 and -55 °C for atmospheric 
and pressurized BSA samples, respectively. Figures 3.4b and 3.4c reproduce the master curves 
of viscoelasticity for the two types of BSA at 80% (w/w) solids, with the reduced variables of 
shear modulus (G'p and G"p) being plotted logarithmically as a function of reduced frequency 
of oscillation (ωaT). Data reduction unveiled an extensive range of oscillatory frequencies of 
up to fourteen orders of magnitude, for example, from 10-4 to 1011 rad/s, and there was also a 
combined increase in the values of G'p and G"p , for example, from 104 to 108 Pa (Figure 3.4c).  
Data reduction yields two sets of shift factors (aT), which possess fundamental value in 
describing the patterns of molecular relaxation of the system within vitrification (Maltini and 
Anese, 1995). Plotting the shift factors, as a function of experimental temperature in Figure 
3.5, adapts the approach used extensively by material scientists in the development of 
mechanistic understanding of glassy phenomena in combination with the theory of free volume 
(Ferry, 1980). According to Ferry, holes between the packing irregularities of long chain 
segments or the space required for their string-like movements accounts for free volume. 
Adding to that the space occupied by the van der Waals radii of polymeric contours and the 
thermal vibrations of individual residues, i.e. the occupied volume, we come up with the total 
volume per unit mass of a macromolecule.  
The mathematical format of the theory of free volume for dynamic oscillatory data is 
given by the Williams, Landel and Ferry (WLF) equation, as follows (Ferry, 1980):  
  log aT = -
oo
oo
 
T - T + )/(f
)T - )(T(B/2.303f
f
    (3.1) 
where, fo is the fractional increase in free volume at To (or fg at Tg), f is the thermal expansion 
coefficient, and the value of B is set to be about one. 
An alternative approach to probe mechanical data in the viscoelastic master curve is 
based on the predictions of the classical reaction-rate theory. For our purposes, this can be 
formulated in terms of the modified Arrhenius equation (Gunning, Parker and Ring, 2000): 
  log  aT  = 
R303.2
a  (
oT
11


)    (3.2) 
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where, R is the gas constant. This mathematical expression follows progress in shift factors by 
integrating two sets of temperature data. It returns a constant activation energy (Ea), which 
argues that relaxation processes in the temperature range of interest are heavily controlled by 
specific chemical features. 
As shown in Figure 3.5, the WLF equation follows the progress in viscoelasticity at 
the upper range of experimental temperatures thus making free volume the molecular 
mechanism dictating diffusional mobility. Application of the combined WLF/free volume 
theoretical framework yielded fg, f, and Tg estimates of 0.040, 8  10
-4 deg and 6 °C for the 
atmospheric samples, with the corresponding parameters for the pressurized counterparts 
being  0.040, 6  10-4 deg and -53 °C, respectively. The values of fractional free volume at 
the glass transition temperature and thermal expansion coefficient are congruent with those 
reported in the literature for synthetic amorphous polymers (Shrinivas and Kasapis, 2010; 
Kasapis, 2012), hence arguing that BSA undergoes glassy transformation within the present 
experimental settings. 
In addition, there was an apparent change in the pattern of the shift factor at the lower 
temperature range in Figure 3.5 that cannot be followed by the WLF equation. Instead, 
progress in viscoelasticity in these temperatures is better described by equation (2), which 
yields the concept of activation energy for an elementary flow process that is independent of 
temperature (Kasapis et al., 2003). Based on the assumption that the free volume decreases 
linearly with temperature, leading to a discontinuity in the linear trend of factor aT in Figure 
3.5, the glass transition temperature is defined empirically as the point below which thermal 
motions become extremely slow. Thus, the experimental Tg should be located at the end of the 
glass transition region (or onset of the glassy state), where the free volume declines to about 
three to four percent of the total volume of the material (Ferry, 1980). According to Figure 
3.5, experimental Tg observations were in close agreement with those predicted in the 
preceding paragraph based on WLF/free volume modeling. 
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Table 3.1 Thermal properties of 10-80% (w/w) BSA systems detected by micro differential 
scanning calorimetry  
 
A – atmospheric, P – pressure  at 600 MPa for 15 min, ∆H – denaturation enthalpy 
 
Sample Onset temperature (0C) 
Peak temperature 
(0C) 
Endset 
temperature (0C) ∆H (J/g) 
A - 10% 64.0 ± 1.8 67.0 ± 1.0 73.7 ± 0.4 0.126 ± 0.026 
 75.7 ± 1.5 85.3 ± 0.4 87.6 ± 0.8 0.390 ± 0.110 
A - 20% 67.3 ± 1.2 70.7 ± 1.0 76.7 ± 0.8 0.143 ± 0.050 
 80.0 ± 1.2 86.3 ± 1.8 90.0 ± 0.4 1.039 ± 0.172 
A - 30% 61.7 ± 0.8 68.7 ± 1.1 76.3 ± 1.0 0.151 ± 0.052 
 79.0 ± 0.8 86.6 ± 0.8 90.6 ± 0.6 1.209 ± 0.367 
A - 35% 60.7 ± 0.8 68.3 ± 0.4 75.3 ± 1.0 0.147 ± 0.031 
 79.6 ± 0.5 86.6 ± 0.8 90.6 ± 1.5 1.254 ± 0.074 
A - 40% 61.0 ± 0.4 68.3 ± 0.3 75.3 ± 1.0 0.165 ± 0.381 
 79.0 ± 1.2 86.6 ± 0.4 91.0 ± 0.4 1.304 ± 0.097 
A - 45% 61.3 ± 1.7 69.0 ± 1.0 75.0 ± 0.4 0.179 ± 0.031 
 78.3 ± 1.6 85.6 ± 0.5 90.0 ± 1.7 1.553 ± 0.103 
A - 50% 63.3 ± 1.1 68.3 ± 0.4 74.3 ± 0.9 0.239 ± 0.059 
 81.1 ± 1.1 85.1 ± 0.2 90.0 ± 0.4 1.711 ± 0.237 
A - 55% 60.0 ± 1.7 67.7 ± 1.0 73.7 ± 0.4 0.357 ± 0.036 
 77.3 ± 0.5 83.3 ± 0.4 87.6 ± 0.8 2.085 ± 0.144 
A - 60% 64.0 ± 0.9 69.3 ± 0.8 74.0 ± 0.7 0.407 ± 0.016 
 76.3 ± 0.1 82.0 ± 1.3 85.6 ± 0.2 3.203 ± 0.347 
A - 65% 65.7 ± 0.1 78.3 ± 1.8 83.3 ± 1.1 3.754 ± 0.247 
A - 70% 73.3 ± 1.1 78.3 ± 0.6 81.6 ± 0.9 3.815 ± 0.227 
A - 75% 67.7 ± 0.8 77.7 ± 1.1 82.3 ± 1.0 4.011 ± 0.251 
A - 80% 70.7 ± 1.8 78.0 ± 0.1 83.3 ± 0.9 4.230 ± 0.130 
     
P – 10% 65.3 ± 1.0 71.7 ± 0.4 77.0 ± 1.5 0.057 ± 0.018 
 80.0 ± 1.3 85.3 ± 0.9 89.3 ± 0.4 0.306 ± 0.094 
P – 20% 66.5 ± 0.7 72.6 ± 0.6 81.2 ± 1.6 0.098 ± 0.014 
 82.3 ± 0.9 85.7 ± 0.4 89.7 ± 0.4 0.776 ± 0.076 
P – 30% 70.0 ± 1.7 75.0 ± 1.5 80.7 ± 0.5 0.117 ± 0.008 
 82.0 ± 1.3 86.1 ± 0.1 90.7 ± 0.4 0.960 ± 0.131 
P - 35% 70.0 ± 1.8 76.3 ± 1.0 79.3 ± 1.5 0.110 ± 0.012 
 81.7 ± 0.4 87.0 ± 0.5 91.2 ± 1.2 1.043 ± 0.065 
P – 40% 68.4 ± 0.8 74.7 ± 1.1 78.6 ± 1.3 0.160 ± 0.036 
 81.5 ± 0.7 87.3 ± 0.3 91.9 ± 0.1 1.108 ± 0.236 
P – 45% 67.7 ±  0.4 74.7 ± 0.4 78.7 ± 0.4 0.159 ± 0.039 
 81.5 ± 0.8 86.6 ± 0.5 91.3 ± 1.6 1.342 ± 0.029 
P – 50% 68.6 ± 0.5 73.7 ± 0.4 77.9 ± 0.3 0.162 ± 0.024 
 81.1 ± 1.3 86.0 ± 0.4 92.0 ± 0.5 1.531 ± 0.148 
P – 55% 70.4 ± 0.8 74.7 ± 0.7 77.9 ± 0.3 0.167 ± 0.001 
 80.3 ± 1.0 85.0 ± 1.2 89.4 ± 1.3 2.011 ± 0.205 
P – 60% 73.5 ± 0.7 79.7 ± 0.4 85.2 ± 1.5 3.270 ± 0.100 
P – 65% 72.7 ± 0.4 79.6 ± 0.7 84.6 ± 1.1 3.432 ± 0.052 
P – 70% 71.7 ± 0.4 78.3 ± 0.9 83.0 ± 0.6 3.550 ± 0.185 
P – 75% 71.0 ± 0.6 78.3 ± 1.3 82.6 ± 0.7 3.789 ± 0.248 
P – 80% 71.3 ± 0.9 78.7 ± 0.6 83.7 ± 0.6 4.023 ± 0.162 
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Figure 3.1a  
 
 
Figure 3.1b  
 
Figure 3.1 Changes in storage modulus (G') of 10 (), 20 (), 30 (), 40 (), 50 (), 60 
(), 70 () and 80% () (w/w) BSA samples during heating from 25 to 85 °C at 
a rate of 2 °C/min and holding at 85 °C for 20 min at frequency of 1 rad/s and 
strain from 0.1 to 0.001% for a) atmospheric pressure and b) pressurisation at 600 
MPa for 15 min.  
 
0
10
20
30
40
50
60
70
80
90
-2
-1
0
1
2
3
4
5
6
7
8
9
0 10 20 30 40 50
Te
m
pe
ra
tu
re
 (°
C
)
Lo
g 
(G
' /
 P
a)
Time (min)
a
0
10
20
30
40
50
60
70
80
90
-1
0
1
2
3
4
5
6
7
8
0 10 20 30 40 50
Te
m
pe
ra
tu
re
 (°
C
)
Lo
g 
(G
' /
 P
a)
Time (min)
b
-85- 
 
Figure 3.2a  
 
 
Figure 3.2b  
 
Figure 3.2 Microcalorimetry thermograms of 30, 40, 50, 55, 60, 65, 70, 75 and 80% (w/w) 
BSA samples during heating from 25 to 100 °C at a rate of 1 °C/min 
for a) atmospheric pressure and b) pressurisation at 600 MPa for 15 min arranged 
successfully downwards (complete set of data for all experimental concentrations 
is shown in Table 3.1). 
 
-17
-12
-7
-2
3
8
13
18
55 65 75 85 95
H
ea
t F
lo
w
 (w
/g
)
Temperature (°C)
a
-18
-13
-8
-3
2
7
12
55 65 75 85 95
H
ea
t F
lo
w
 (w
/g
)
Temperature (°C)
b
-86- 
 
Figure 3.3a  
 
 
Figure 3.3b 
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Figure 3.3c  
 
Figure 3.3d  
 
 
Figure 3.3 (a) FTIR spectra of 30, 50 and 70% (w/w) BSA samples at atmospheric pressure, 
after pressurization and with heat treatment at 85 °C for 20 min; (b) absorbance 
variation as a function of concentration for the samples tested at atmospheric 
pressure (), after pressurization at 600 MPa for 15 min () and with heat 
treatment at 85 °C for 20 min () observed by amide I infrared spectroscopy; 
secondary conformation of BSA at 30 (c) and 80% (d) total solids (w/w). 
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Figure 3.4a  
 
 
 
Figure 3.4b 
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Figure 3.4c  
 
 
 
 
Figure 3.4 (a) Variation of storage modulus (G') for 80% (w/w) BSA at constant frequency of 
1 rad/s and strain of 0.001%, with atmospheric pressure samples being heated from 
25 to 85 °C, held at 85 °C for 20 min and cooled down to -20 °C (), and 
pressurized samples at 600 MPa for 15 min being cooled from 25 °C to -80 °C 
(); master curves of reduced shear modulus [G'p () and G"p ()] as a function 
of reduced frequency of oscillation (ωaT) for 80% (w/w) BSA samples at 
atmospheric (b) and pressurized (c) conditions. 
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Figure 3.5 
 
 
Figure 3.5 Temperature variation of factor aT within the glass transition region (closed 
symbols) and the glassy state (open symbols) for 80% (w/w) BSA samples at 
atmospheric conditions (triangles) and pressurized at 600 MPa for 15 min 
(diamonds); solid lines reflect the WLF and modified Arrhenius fits of the shift 
factors during the vitrification process, with the dashed lines indicating the 
predictions of the mechanical glass transition temperature. 
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3.4 Conclusions 
 
The present work extends the application of high pressure processing to globular 
proteins in relation to their techno- and biofunctionality. Previously, we reported on whey 
protein preparations, with the work indicating protein unfolding and irreversible denaturation 
with pressurization (Dissanayake et al., 2012). The high-pressure labile whey protein in the 
native state was attributed to the presence of a hydrophobic core in -lactoglobulin, which is 
disturbed irreversibly to allow transfer of water molecules to nonpolar residues in the 
corpuscular interior. Current results demonstrate the opposite effect of HHP on the structural 
properties of a globular protein. It appears that the BSA molecule, with a sequence of 
seventeen disulfide bridges and accompanying secondary bonds, can largely resist 
pressurisation in formulations made of low or high levels of solids.  
Cooling of high-solid BSA structures subjected to prior high pressure produces 
thermomechanical profiles of coherent structure formation as for the atmospheric 
counterparts. It appears that the limited denaturation of the protein under high pressure 
supports vitrification at subzero temperatures. This network type in largely undenatured and 
“partially activated” BSA molecules is known as a molten globular state. The characteristics 
of this state, which has been reported for a number of globular proteins in the literature, 
include large retention of native secondary structure, compact volume which is ten to twenty 
percent larger than the native state, and propensity towards aggregation. This type of network 
is, of course, distinct from the conventional “string of beads” structure obtained from 
thermally treated BSA molecules and is reflected in the distinct predictions of the glass 
transition temperature for the two systems.   
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CHAPTER 4 
STRUCTURAL MODIFICATION IN CONDENSED SOY 
GLYCININ SYSTEMS FOLLOWING APPLICATION OF 
HIGH PRESSURE  
 
ABSTRACT 
 
The structural behavior of soy glycinin systems following application of industrially 
relevant high hydrostatic pressure (600 MPa for 15 min at ambient temperature) was 
investigated throughout the experimental range up to 80% (w/w) solids content, and results 
were compared to conventional thermal treatment. Using small-deformation dynamic 
oscillation in shear, modulated differential scanning calorimetry, infrared spectroscopy and X-
ray scattering, it was demonstrated that soy glycinin with twelve disulfide linkages displays 
extensive unfolding at low to intermediate solid levels (30-60%, w/w). In contrast, it largely 
maintains native conformation at 70 and 80% (w/w) solids showing about 20% denaturation, 
as compared to the thermal transition of native counterparts. Experimental data from infrared 
spectroscopy also argue for retention of the native conformation in condensed soy glycinin 
systems comprising mainly beta sheets in the secondary structure. At subzero temperatures, 
condensed glycinin at atmospheric and pressurized conditions undergoes vitrification 
phenomena recording experimental glass transition temperatures. Experimental data were 
successfully modeled using theoretical frameworks for mechanical studies on amorphous 
synthetic polymers.  
 
Keywords: glycinin, high hydrostatic pressure, mechanical glass transition, disulfide bonds, 
high solids content 
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4.1 Introduction 
 
Soy proteins, being valuable food ingredients, are used in a wide range of industrial 
applications from techno- and biofunctional ingredients to mimetics of desirable organoleptic 
properties in processed foods (Kasapis and Tay, 2009; Tsumura et al., 2005). The major 
components of soy protein isolates are glycinin (11S) and β-conglycinin (7S), representing 
about 42% and 34%, respectively, of the proteinaceous material (Peng et al., 1984). The 
quaternary structure of native glycinin molecules is of interest being strongly folded with two 
identical annular-hexagonal monomers stacked on top of each other and linked by disulfide 
bonds (Hou and Chang, 2004; Keerati and Corredig, 2009; Kinsella, 1979; Nielsen, 1985). 
Conventional heat treatment is used in the food industry to attain acceptable microbial 
safety hence extending the shelf life of products. Through the years, research in the structure-
function relationship of soy 11S demonstrated that application of heat initiates dissociation of 
molecules followed by aggregation and gel formation at high temperatures (> 70 °C). Thermal 
treatment causes unfolding of polypeptide chains in glycinin with subsequent exposure of 
buried hydrophobic residues (German et al., 1982; Hermansson, 1986; Sorgentini et al., 
1995). It has been further stated that the mechanism of gel formation in soy glycinin is based 
on a cluster-cluster aggregation of protein particles whereby the dimension of the clusters 
depends on the size and shape of heat-induced aggregates (Renkema et al., 2000) 
As a non-thermal technology, high-pressure processing has been of recent interest, 
since it appears to be promising in maintaining the sensory quality and nutritional profile of 
processed food materials. Comprehensive experimental studies on the effect of high pressure 
on globular protein systems have been conducted over the last few years (San Martin et al., 
2002; Speroni et al., 2009; Wang et al., 2008; Zhang et al., 2003). They have argued that 
pressure-denatured proteins, unlike the heat-denatured counterparts, maintain a relatively 
compact structure with water molecules being able at high enough levels to penetrate the 
hydrophobic core of the globular molecule (Galazka et al., 2000; Harano and Kinoshita, 2006; 
Hummer et al., 1998). Thus, high pressure processing is able to disturb primarily 
intramolecular hydrophobic clusters, induce disulfide-bond exchange and alter electrostatic 
interactions, whereas covalent linkages and hydrogen bonds are less affected, resulting in a 
negative volume change in the denatured molecule (Yuste et al., 2001; Messens et al., 1997; 
Minerich and Labuza, 2003). 
Studies have reported that glycinin is sensitive to high pressure treatment at values 
greater than 400 MPa. Under these conditions, the treatment results in a soft and smooth 
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gelling texture while heat treatment at 80 or 90 °C yields a hard and firm gel. Circular 
dichroism analysis of these materials indicated partial conversion of the ordered structures of 
α-helix and β-sheet into random coil following processing at 500 MPa for 10 min 
(Apichartsrangkoon, 2003; Zhang et al., 2003). Work thus far focused on relatively dilute 
aqueous systems, i.e. up to 10 or 20% (w/w) solids content, and demonstrated the effect of 
level and time of pressurisation on reversible or irreversible conformational changes by 
altering the equilibrium between intermolecular and solvent-protein interactions.  
There has been no fundamental work in the literature on higher levels of solids in 
glycinin systems (up to 80%) in relation to high pressure effects that may lead to a glassy 
consistency in the proteinaceous matrix. This study deals with the structural properties of 
condensed glycinin preparations following application of high pressure through 
thermomechanical analysis. Work is further aided by FTIR that identify changes in the 
secondary conformation of soy glycinin under both atmospheric and pressurized conditions. 
In the absence of extensive thermodynamic order in solute and solvent from ambient to 
subzero temperatures, materials at high levels of solids should exhibit glass transition 
phenomena and this type of behavior is probed presently with theoretical frameworks from 
research in amorphous synthetic polymers. 
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4.2 Materials and methods 
 
4.2.1 Materials, sample preparation and treatment 
 
Soy protein isolate (SPI) was obtained from Oppenheimer, Sydney, NSW, Australia. 
The composition of the defatted SPI was reported by the supplier as 90% protein, 1.5% fat, 
7% moisture, 7% ash and 1% carbohydrate.  
 
Extraction of glycinin from soy protein isolate (SPI): SPI was used in this 
investigation to extract the glycinin (11S) fraction via the method of Wu et al. (1999) and 
Kasapis and Tay (2009) with minor modifications. In doing so, sodium metabisulphite (0.98 
g/L) was added to 10% (w/w) SPI dispersion in deionised water with pH adjustments to 6.4 
using 1 M HCl, and the preparation was kept in an ice bath overnight. This was then 
centrifuged at 6500 g for 20 min at 4 °C using Sorvall RC5B Refrigerated Superspeed 
Centrifuge (Bad Homburg, Germany). The pellet was dissolved in deionised water with pH 
adjustment to 7.5 and the solution was dialysed in semi-permeable membrane against 
deionised water for 24 hrs at 4 °C. The resultant salt-free dialysate was freeze dried and stored 
at 5 °C for further experimentation.  
 
Preparation of soy glycinin samples: Soy glycinin protein dispersions of 10% (w/w) 
solids were prepared by mixing the freeze-dried powder in deionized water at neutral pH and 
room temperature. To ensure proper dissolution, the samples were stirred for 2 hrs using a 
magnetic stirrer and stored at 4 °C overnight. Following this, a series of concentrations for the 
glycinin samples (20-80%, w/w) were prepared by dehydrating the original material using a 
rotary evaporator at 40 °C (± 1 °C). 
Vacuum sealed packages of glycinin samples were treated with high hydrostatic 
pressure at 600  MPa at about 21 °C (original temperature which did not reach more than 40 
°C during experimentation) for 15 min using a cylindrical vessel apparatus of high pressure 
with 35 litre volume and 70 mm plunger diameter (Quintus Press-QFP 35L, Avure 
Technologies, Kent, WA, U.S.A). The pressure medium was demineralised water and the 
pressure build up was performed at about 100 MPa per 20 s. until the desired pressure level of 
600 MPa was attained. Both pressurized and atmospheric samples ware subjected to 
physicochemical characterisation over a broad temperature range of -70 to 90 °C. 
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4.2.2 Methods of analysis 
 
Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE): SDS-
PAGE was performed according to the method of Laemmli (1970) in a Bio-Rad mini-Protein 
electrophoresis cell at a constant voltage (100 V) with a gel concentration of 6%. Glycinin 
samples for SDS-PAGE were prepared by mixing with sample buffer (60 mM Tris-HCl, 2% 
SDS, 14.4 mM β-mercaptoethanol, 25% glycerol, 0.1% bromophenol blue, pH 6.8). Proteins 
were resolved on a 10% separation gel, stained with 0.1% Coomassie Brilliant Blue for 30 
min and stored overnight. The solution was homogenised by 30 s sonication cycles for 3 min. 
Two different concentrations of non-denatured glycinin samples (50 and 100%, w/w) and five 
different concentrations of heat-denatured protein samples (10, 30, 60, 90, and 100%, w/w) 
were prepared from the stock solution. Following migration, the protein fractions were further 
stained with 0.1% Coomassie Brilliant Blue.   
Figure 4.1 reproduces a typical electrophoresis run of native soy glycinin in an SDS-
PAGE gel. The different components present in lanes can be identified as AB subunits, which 
involve acidic and basic polypeptides of the soy protein (Kasapis and Tay, 2009; Petruccelli 
and Anon, 1995). In thermally treated lanes, the soy glycinin fraction is also made of acidic 
and basic subunits of about 37 and 15 kDa, respectively. The work revealed that the extracted 
sample of glycinin was not entirely pure but contained β-conglycinin subunits as cross-
contamination. As discussed in the literature, the contamination of glycinin with -
conglycinin is unavoidable due to precipitation of the former at pH 6.4 in the extraction 
procedure. Nevertheless, the purity of the glycinin obtained according to this method has been 
reported to be about 90%, which is sufficient to discuss changes in molecular properties of 
pressurized materials (Nagano et al., 1992; Yamauchi et al., 1981; Yuan et al., 2009; Wu et 
al., 1999). 
 
Small-deformation dynamic oscillation measurements: Various samples being 
pressure treated or at atmospheric conditions were examined using the technique of small-
deformation dynamic oscillation in shear. A controlled strain rheometer (TA Instruments, 
Ltd., New Castle, DE, USA) was employed to obtain measurements. A standard steel parallel 
plate measuring geometry (40 and 20-mm diameters) with automatically control gap was 
employed to obtain measurements of the samples containing 10-80% (w/w) total solids. 
Samples were loaded onto the Peltier and allowed to equilibrate at 25 ± 0.5 °C for 10 min. 
The exposed edges of samples were covered with a silicone fluid from BDH (100 cs) to 
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minimize variation in the water content. Stress amplitude sweeps were used in order to ensure 
all measurements were carried out within the linear viscoelastic region, i.e. from 0.1 to 
0.001% strain (data not shown). Measurements ranged from 25 to 80 °C, keeping 10 min at 
80 °C under observation followed by cooling to 5 °C at a constant rate of 2 °C/min. Further 
observations were carried out with increasing frequency from 0.1 to 100 rad/s to examine the 
viscoelastic properties of gels in the form of the storage (G') and loss (G") modulus.  
For the vitrification phenomena studies, small-amplitude oscillatory measurements of 
condensed glycinin samples with 20% moisture were obtained at a constant strain of 0.001% 
and angular frequency of 1 rad/s using a measuring geometry of 10 mm diameter within an 
extended experimental temperature range. In doing so, 80% (w/w) glycinin samples at 
atmospheric pressure were thermally denatured by heating from 25 to 80 °C at a rate of 2 
°C/min, kept at that temperature for 10 min and then cooled to subzero temperatures at a rate 
of 2 °C/min. Frequency sweeps were also carried out from 0.1 to 100 rad/s and strain of 
0.001% at the low temperature end of the experimental routine at constant temperature 
intervals of four degrees centigrade to facilitate theoretical modelling of the molecular 
processes responsible for the observed viscoelastic behavior in the glass transition region. 
Pressurized samples of 80% (w/w) soy glycinin were cooled directly from 25 °C to subzero 
temperatures at the above controlled scan rate followed by frequency sweeps to match the 
analysis implemented for the atmospheric-pressure counterparts. 
 
Modulated differential scanning calorimetry: Thermograms of both pressurized and 
atmospheric samples were obtained using a TA Q2000 MDSC analyzer calibrated with water, 
indium and zinc over a range of -10 to 450 °C. The instrument used a refrigerated cooling 
system (RCS 90) to achieve temperatures down to -90 °C and a nitrogen DSC cell purge at 50 
ml/min. Hermetic aluminium pans were used in the present work and an empty pan was the 
reference cell. Atmospheric and pressurized samples (30-80%, w/w) of soy glycinin were 
used for analysis. Small amounts of atmospheric and pressurized samples (1-8 mg) weighted 
to an accuracy of 0.01 mg on DSC pan and were scanned at a heating rate of 5 °C/min from -
40 to 200 °C. A second run was performed from 200 to 25 °C to eliminate any calorimetric 
event related to the physical aging of the system (Kealley et al., 2008). Analyzes were carried 
out in triplicate at ± 0.53 °C amplitude of modulation for a period of 40 s at atmospheric 
pressure. Enthalpy of denaturation (ΔH) and denaturation temperature (Td) were determined 
by instrument software, after manually setting the starting and ending points of the peak, from 
the area under the endothermic event of the denaturation transition. 
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Fourier transform infrared spectroscopy (FTIR): Fourier transform infrared 
spectroscopy for pressurized, heat-treated and atmospheric samples of glycinin were carried 
out using a Perkin Elmer Spectrum 100 FT-IR spectrometer with the combined software of 
Spectrum, Version 6.0.2 (Springvale Road, Glen Waverley, Melbourne, Vic, Australia). For 
each sample, an average of eight scans was recorded at 4 cm-1 resolution in the range of 400 - 
4000 cm-1 after atmospheric and background subtraction. Spectra of Amide I and Amide II 
peaks were deconvoluted, using the proprietary software Spectrum Version 6.0.2 to obtain the 
characteristic signals that represent the secondary conformation of the protein. 
 
Wide angle X-ray diffraction: WAXD diffractogram was performed using a D8 
Advanced Bruker AXS (Karlsruhe, Germany) from a Cu-Ka (1.54 Å) radiation source. Freeze 
dried samples of pressurized and atmospheric glycinin with 10-80% (w/w) total solids content 
were scanned continuously using an accelerating voltage and current of 40 kV and 40 mA, 
respectively. Samples were placed on tray holders and continuously scanned to obtain the raw 
data for the required diffractograms. These were recorded in a 2θ range between 5° and 90° in 
measuring intervals of 0.1°, and subsequently analyzed using the Bruker Advanced X-
raySolutions software, DIFFRACplus Evaluation (Eva), version 10.0 revision 1. 
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4.3 Results and discussion 
 
4.3.1 Small deformation studies in structural properties of soy glycinin 
 
Mechanical spectroscopy was employed to provide understanding of the structural 
behavior for atmospheric and pressurized soy glycinin samples ranging in solids content from 
10 to 80% (w/w). The experimental routine for both atmospheric and pressurized glycinin 
samples includes controlled heating to 80 °C at 2 °C/min, holding at 80 °C for 10 min and 
cooling to 5 °C. Figure 4.2a indicates that soy glycinin displayed a molecular network in the 
beginning of the experimental routine. During the initial heating regime (25-65 °C), the 
values of storage modulus (G’) in soy glycinin declined due to weakening of hydrogen bonds, 
a process that results in loss of network integrity (Dissanayake et al., 2012; Renkema et al., 
2001). Continuous increasing in temperature up to 80 °C and keeping there for 10 min results 
in soy glycinin denaturation and build up of structure. Controlled decrease in the applied 
temperature from 85 to 5 °C yields an increase in gel rigidity with values of elastic modulus 
remaining close to 105.5 Pa for the 70% preparation.  
Pressure induced counterparts developed similar mechanical characteristics with the 
atmospheric preparations indicating high protein strength attributed to the compression cycle. 
As observed in Figure 4.2b, packed polymeric matrices achieved with high pressure were 
partially loosened up during thermal treatment, but critically samples remain very firm with 
G' values exceeding 105 Pa at the end of the combined temperature/time run, for example, in 
50% (w/w) solids in formulations. Softening structure during heat treatment to 80°C is related 
to the destabilisation of hydrogen bonds followed by thiol/disulfide interchange reactions 
during the isothermal run at 80 °C for 10 min (Luck et al., 2002; Owen et al., 1992). It 
appears that cooling to 5 °C enhances a broad spectrum of attractive interactions between the 
protein molecules primarily van der Waals forces and hydrogen bonds (Wang and 
Damodaran, 1990; Molina et al., 2002). 
With increasing biopolymer concentration, molecules fill effectively free volume 
leading to water entrapment in a three-dimensional matrix of inter-wound and associated 
protein segments, with subsequently creation of strong matrices (Dissanayake et al., 2012; 
Walstra, 2003). Adding the thermal treatment to the concentration effect, leads first to a 
weaker protein structure, which is restored at higher temperatures with the creation of a 
cohesive three-dimensional network. Pressure treatment is known to primarily destabilise 
non-covalent bonds whereas heat treatment disrupts both covalent and non-covalent 
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associations (Cheftel, 1992; Ibanoglu and Karata, 2001). Regarding soy glycinin, high 
pressure (> 200 MPa) results in the reformation of disulfide bonds, which link at different 
positions of glycinin molecules, as compared to that formed by heat treatment. That should 
lead to dissimilar three-dimensional structures in pressurized and thermally treated glycinin 
preparations (Speroni et al., 2009). Observations in Figures 4.2a and b argue that glycinin has 
been affected by high pressure processing, with structure formation being stronger than for 
atmospheric conditions especially at the lower concentration range of our preparations.   
 
4.3.2 Thermal properties of glycinin systems as a function of concentration 
 
The technique of calorimetry can reveal conformational changes in proteins in relation 
to microstructure including denaturation enthalpy (ΔH) and midpoint denaturation 
temperature (Td) from the onset and endset points of the molecular process (Hua et al., 2005). 
In order to contrast underlying patterns of mechanical evidence with the heat flow of 
molecular transitions in our materials, we used modulated differential scanning calorimetry 
(MDSC). The emphasis here was to pinpoint the temperature range of first-order 
thermodynamic transitions and calculate the change in enthalpy in endothermic processes 
from the area under the peak of the thermal event. 
Figures 4.3a and b reproduce the MDSC thermograms of atmospheric and pressurized 
glycinin samples containing up to 80% total solids during a heating run from 25 to 200 °C at a 
scan rate of 5 °C/min. They exhibit typical endothermic transitions upon heating with similar 
endothermic peaks, which are characterised by a decline in enthalpy with decreasing 
concentrations of the biopolymer (Table 4.1). Changes in enthalpy in Table 4.1 were utilised 
in order to estimate the amount of denaturation in pressurized samples, which was calculated 
as [100 – (∆Hpres / ∆Hatm)] and depicted as a function of soy glycinin concentration in Figure 
4.3c. Results demonstrate that relatively dilute soy glycinin systems (e.g. 30%) denatured 
about 82%, semi-dilute preparations (e.g. 50%) denatured about 53%, whereas condensed soy 
glycinin systems (e.g. 80%) mostly maintain secondary conformation with the extent of 
denaturation being about 19%. 
Calorimetric evidence from this work argues that high pressure processing has a 
partial effect on the native morphology of soy glycinin. Increasing levels of solids are able to 
withstand application of pressure, which is aided by the formation of a three-dimensional 
structure stabilised by the presence of 12 disulfide bonds. The critical consideration, however, 
appears to be the reduction in molecular mobility at 70 and 80% solids in preparations. At this 
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level of solids, the water-molecule depleted physicochemical environment imposes a kinetic 
limit in their transfer into the compact interior of the glycinin molecule (Dissanayake et al., 
2012; Kato et al., 2008). Maintenance of native conformation in pressurized samples at high 
level of solids is rather unexpected and contrasts strongly with the physicochemical reactivity 
of applied pressure at low glycinin concentrations leading to extensive disruption of the 
secondary conformation.  
 
4.3.3 Conformational analysis of soy glycinin as probed by FTIR spectroscopy 
 
FTIR has been considered as a useful technique for characterizing the conformation of 
protein structure (β-sheets, α-helices, turns and random coils) in liquid, semisolid and solid 
systems (Wang et al., 2011). In order to confirm findings from MDSC measurements on 
glycinin at atmospheric and pressurized conditions, we probed the specific absorbance of 
protein molecules under FTIR at a wide range of total-solid content. In doing so, atmospheric, 
temperature and high pressure treated samples were examined with infrared spectroscopy to 
observe transformations in molecular architecture.  
In general, peptide group vibrations in model compounds and polypeptide systems 
have been assigned in nine characteristic IR absorption bands, namely: Amides A, B, and I-
VII. The Amide I and II bands are the most prominent vibrational bands of the protein 
backbone. The former band (1700-1600 cm-1) is mainly caused by the C=O stretching 
vibrations of the peptide group whereas the latter absorption (1575-1480 cm-1) arises 
principally from N–H bending with a contribution from C–N stretching vibrations (Dzwolak 
et al., 2002; Grdadolnik, 2002; Haris and Chapman, 1995; Haris and Severcan, 1999; Huson, 
et al., 2011).  
Figure 4.4a reproduces the corresponding FTIR spectra for selected soy glycinin 
samples obtained at atmospheric pressure (entirely untreated native materials), heat treated at 
80 °C for 10 min and pressurized at 600 MPa for 15 min. Figure 4.4b summarises all infrared 
absorbance results in Amide I regions throughout the experimental concentration range, 
respectively. Clearly, pressurisation has an affect on the secondary structure of soy glycinin in 
systems up to 40 or 50% (w/w) total solids but, critically, the high-solid counterparts (70 and 
80%) maintain secondary conformation, as argued previously from calorimetrical work. 
To further investigate changes in the secondary structure of soy glycinin, we 
deconvoluted the fundamental secondary elements of a specific band, in particular Amide I 
(Dong et al., 1992a; Dong et al., 1992b). The major elements in Amide I region have been 
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assigned as follows: 1635 cm-1, antiparallel beta sheet structure; 1644 cm-1, unordered 
structures (random coils); 1652 cm-1, alpha helix; 1667 and 1660 cm-1, beta turns; 1674 cm-1, 
extended strands (beta strand); 1691 cm-1, beta type turn and bend. The estimated secondary 
structure of glycinin in various conditions for selected concentration of 30% and 80% (w/w) 
are thus presented in Figures 4.4 (c-d).  
On the basis of deconvoluting the Amide I region, the main secondary structure of 
native (atmospheric in here) soy glycinin were beta sheets, followed by random coils, beta 
turns and alpha helix. In addition, results from Figure 4.4 (c-d) confirm that the preparations 
of 30 and 80% (w/w) solids produce similar features to that at 10% solids in native samples 
(results are not shown), suggesting no changes in protein secondary structure with increase in 
concentration. The secondary conformation of 30% glycinin samples in this study is 
congruent with percentages of beta sheets, random coils, beta turns and alpha helix reported 
previously that are about 35, 23, 25 and 20% in the native form, respectively (Hou and Chang, 
2004; Wang et al., 2011).  
Analysis of changes in the secondary structure of pressure-induced glycinin 
preparations indicated partial loosening in α-helix and β-sheet structures in samples of 30 and 
80% (w/w) solids (Figure 4.4c-d). Moreover, this decrease is accompanied with a concomitant 
appearance of random coils in the glycinin samples. No such transformations were recorded 
in FTIR spectra at 80% solids, where the pressurized materials exhibit patterns similar to the 
atmospheric counterparts (Figures 4.4d). As argued from MDSC, condensed soy glycinin 
matrices maintain largely native conformation following pressurisation, which should also 
retain bioactivity, and structural functionality as recorded in rheological data in Figure 4.2.  
 
4.3.4 X-ray diffraction study of the glycinin globulins 
 
The structure and extent of amorphicity in the atmospheric and pressurized soy 
glycinin powders at selected total level of solids were examined using XWAD (Figure 4.5). In 
both cases, fingerprints of two broad peaks with 2θ angles of about 10° and 22° are recorded 
indicating high density of non-crystalline assemblies, whose free volume between adjacent 
polymeric segments depends on the processing protocol of freeze drying used presently for 
the preparation of our materials. Overall, the absence of sharp peaks in the diffractogram 
argues against the presence of considerable crystalline entities in matrices, which can be 
considered largely as amorphous systems. Moreover, results confirmed the absence of salt 
that was a constituent in the process of soy glycinin extraction from soy protein isolate prior 
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to dialysis against distilled water, whose presence would have created sharp diffractogram 
patterns. The absence of crystallinity in high solids preparations of soy glycinin encourages us 
to look for glass transition phenomena in these condensed matrices using further rheological 
work. 
 
4.3.5 Vitrification phenomena in condensed soy glycinin systems  
 
This section of the work deals with the structural and molecular relaxation patterns of 
condensed soy glycinin matrices drawing from approaches earlier employed in amorphous 
synthetic polymers (Kasapis, 2006; Kasapis, 2001; Kasapis, 2007; Koide et al., 1996). Figure 
4.6 reproduces the progress in oscillatory storage modulus of 80% (w/w) soy glycinin, with 
atmospheric samples being heated from 25 to 80 °C, held at that temperature for 10 min and 
then cooled to -36 °C. Pressurized samples were cooled directly from ambient conditions to -
36 °C to also probe the structural properties of soy glycinin matrices in the absence of thermal 
treatment. Heating of atmospheric samples to 80 °C resulted in destabilisation of secondary 
bonds but, on further cooling, a monotonic increase in the values of storage modulus ensued 
to stabilise the proteinaceous structure. Pressurized counterparts exhibited a similar increase 
in network strength throughout the experimental temperature range reaching values of storage 
modulus of 108.5 Pa at -36 °C. 
Besides the viscoelastic dependence on temperature, we are interested in the 
complimentary time dependence of fundamental functions using the method of reduced 
variables or time-temperature superposition (TTS) principle. In doing so, frequency sweeps 
were recorded from 0.1 to 100 rad s-1 at regular temperature intervals of 4 °C to create master 
curves of viscoelasticity as a function of time of observation (Kasapis and Mitchell, 2001; 
Prolongo et al., 2002; Yildiza and Kokini, 2001). Frequency sweeps reproduce the outcome 
of this protocol covering the temperature range of storage and loss modulus for atmospheric 
(Figure 4.7a and b) and pressurized samples (Figure 4.8a and b).  
Arbitrarily reference temperature points (T0 = -6 °C for atmospheric and T0 = -16 °C 
for pressurized soy glycinin samples) were selected and mechanical spectra of the remaining 
temperatures were shifted horizontally along the log frequency axis until uniform curves were 
obtained. Figures 4.7c and 4.8c depict the master curves of viscoelasticity for the two types of 
soy glycinin at 80% (w/w) total solids, with the reduced variables of shear modulus (G'p and 
G"p) being plotted logarithmically as a function of reduced frequency of oscillation (ωaT). 
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Both G'p and G"p increased from values of 106.5 to 109 Pa, within the extensive range of 
oscillatory frequencies employed (ωaT from 10-8 to 105 rad s-1). 
The method of reduced variables in the construction of composite curves yields a set 
of shift factors (aT), which possess a fundamental value in describing the patterns of 
molecular relaxation of the system within the vitrification region (Maltini and Anese, 1995). 
In order to model the dependency of factor aT to the experimental temperature, the theory of 
free volume was employed to obtain mechanistic understanding of viscoelastic phenomena in 
the glass transition region for atmospheric and pressurized glycinin systems. The concept of 
free volume has been previously described in the form of the Williams, Landel and Ferry 
(WLF) equation, which recasts G' in shear in the following mathematical form (Ferry, 1991; 
Kasapis and Mitchell, 2001; Kasapis, 2008; Yildiza and Kokini, 2001): 
      log aT = -
oo
oo
 
T - T + )/(f
)T - )(T(B/2.303f
f
    (4.1) 
where, the fractional free volume, f0, is the ratio of free to total volume of the molecule, αT is 
the thermal expansion coefficient, and B is generally set to one. 
The WLF equation proposes an appropriate fit of the empirically obtained shift factors 
in the glass transition region of glycinin extending upwards from -14 °C for pressurized 
samples and -8 °C for atmospheric counterparts (Figure 4.9). Mechanical data within the 
glassy state of viscoelasticity follow the predictions of the classical reaction-rate theory, 
which can be described by the mathematical expression of modified Arrhenius equation 
(Gunning et al., 2000): 
   log aT  = 
R303.2
a  (
oT
11


)    (4.2) 
where, R is the gas constant. This mathematical expression follows the progress in shift 
factors by integrating two sets of temperature data. It yields estimates of activation energy 
(Ea), which argue that relaxation processes in the temperature range of interest are heavily 
controlled by the specific chemical features of the material (Kasapis et al., 2003).  
Based on the assumption that the free volume decreases linearly with temperature, the 
glass transition temperature (Tg) is defined as the point where the thermal expansion 
coefficient undergoes a discontinuity and below which thermal motions become extremely 
slow. Thus, the Tg should be located at the end of the glass transition region where the free 
volume declines to about three percent of the total volume of the material (Ferry, 1980). 
 As depicted in Figure 4.9, the WLF equation follows the progress in viscoelasticity 
within the glass transition region thus making free volume the molecular mechanism dictating 
diffusional mobility. The expression of an Arrhenius–related linear superposition delimits a 
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discontinuity in the development of shift factors at the end of the WLF curve upon cooling. 
Application of the combined WLF/free volume theoretical framework yields fg = 0.025, f = 5 
× 10-4 deg, and Tg = -8.0 °C for the atmospheric samples, and fg = 0.040, f, = 8 × 10
-4 deg, 
and Tg = -14.0 °C for the pressurized systems. The values of fractional free volume at the 
glass transition temperature and thermal expansion coefficient are congruent to those reported 
previously in the literature for amorphous synthetic polymers (Kasapis, 2012; Shrinivas and 
Kasapis, 2010), indicating that soy glycinin undergoes a glassy transformation within the 
present experimental settings.  
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Table 4.1 Thermal parameters of soy glycinin measured by modulated differential scanning 
calorimetry 
 ATM HPP 
Total solids 
(w/w) of soy 
glycinin 
samples 
Onset 
temp. 
(°C) 
Td (°C) 
Endset 
temp. 
(°C) 
ΔH 
(J/g) 
Onset  
temp.  
(°C) 
Td  
(°C) 
Endset 
temp. 
(°C) 
ΔH 
(J/g) 
30% 111.09 112.34 114.56 0.96 114.17 115.84 117.35 0.17 
40% 112.93 114.27 115.89 1.13 115.94 117.55 120.18 0.30 
50% 115.08 116.45 117.31 1.92 120.09 121.89 122.37 0.91 
60% 116.42 117.48 118.22 5.23 123.18 124.75 132.62 2.86 
70% 129.33 132.63 140.46 8.16 132.95 135.58 141.26 6.13 
80% 135.28 138.36 144.09 9.83 135.17 136.69 143.94 7.91 
ATM – atmospheric, HPP – pressurized at 600 MPa for 15 min, ∆H – denaturation enthalpy, 
Td – midpoint denaturation temperature 
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Figure 4.1  
 
 
Figure 4.1 SDS-PAGE of soy glycinin: lane M is the protein marker; lane 1 is the 100% non-
denatured; lane 2 is the 50% non-denatured; lane 3 is the 100% heat-denatured; 
lane 4 is the 10% heat-denatured; lane 5 is the 30% heat-denatured; lane 6 is the 
60% heat-denatured; lane 7 is the 90% heat-denatured (percentages refer to 
sample’s relative concentration). 
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Figure 4.2a  
 
 
Figure 4.2b  
 
 
Figure 4.2 Changes in storage modulus (G') of 10 (▲), 20 (∆), 30 (), 40 (), 50 (), 60 
(), 70 () (w/w) soy glycinin during heating from 25 to 80 °C, holding at 80 °C 
for 10 min and cooling from 80 to 5 °C for samples at atmospheric pressure (a) 
and pressurized at 600 MPa for 15 min (b) (scan rate of 2 °C/min; frequency of 1 
rad/s; strain from 0.1 to 0.001%). 
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Figure 4.3a  
 
 
Figure 4.3b  
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Figure 4.3c  
 
 
 
Figure 4.3 MDSC thermal curves of 30, 40, 50, 60, 70, 80% (w/w) atmospheric soy glycinin 
samples (a), samples after pressurizing at 600 MPa for 15 min (b) arranged 
successfully downwards; and extent of denaturation in pressurized soy glycinin 
samples (c). 
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Figure 4.4a  
 
 
Figure 4.4b  
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Figure 4.4c 
 
Figure 4.4d  
 
 
Figure 4.4 FTIR spectra of 30, 60 and 80% (w/w) glycinin samples at atmospheric pressure, 
after pressurization at 600 MPa for 15 min, and with heat treatment at 80 °C for 10 
min (a); changes in absorbance as a function of soy glycinin concentration within 
Amide I (b) of 10 – 80% (w/w) soy glycinin samples either at atmospheric 
pressure (), heat treatment at 80°C for 10 min (▲) and after pressurizing at 600 
MPa for 15 min (); secondary conformation of glycinin at 30% (c) and 80% (d) 
total solids (w/w). 
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Figure 4.5 
 
 
 
Figure 4.5 X-ray diffractograms for the freeze dried atmospheric samples, and 10, 20, 30, 60 
and 80 % (w/w) pressurized glycinin materials as indicated in the inset.  
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Figure 4.6 
 
 
 
Figure 4.6 Variation of storage modulus (G') of 80% (w/w) glycinin samples at a constant 
frequency of 1 rad/s and strain of 0.001%; sample at atmospheric pressure (▲) 
was heated from 25 to 80 °C, held at 80 °C for 10 min and cooled down to -36 °C, 
and sample after pressurizing at 600 MPa for 15 min (∆) was cooled directly from 
25 to -36 °C. 
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Figure 4.7a 
 
 
 
Figure 4.7b 
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Figure 4.7c  
 
 
Figure 4.7 Frequency variation of G' (a) and G" (b) for 80% glycinin samples at atmospheric 
pressure and master curve of reduced shear modulus (c)  [G'p () and G"p ()] as 
a function of reduced frequency of oscillation (ωaT); the bottom curve was taken at 
14 °C (), other curves successively upward 10 (), 6 (∆), 2 (), -2 (), -6 (▲), 
-10 (), -14 (), -18 (), -22 (), -26 () and -30 (▬) °C; master curve was 
plotted using the frequency sweeps acquired in the range of -30 to 14 °C. 
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Figure 4.8a 
 
 
Figure 4.8b  
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Figure 4.8c 
 
 
Figure 4.8 Frequency variation of G' (a) and G" (b) for 80% glycinin samples following 
pressurisation at 600 MPa for 15 min and master curve of reduced shear modulus 
(c)  [G'p () and G"p ()] as a function of reduced frequency of oscillation (ωaT); 
the bottom curve was taken at 8 °C (), other curves successively upward 4 (), 
0 (∆), -4 (), -8 (), -12 (▲), -16 (), -20 (), -24 (), -28 (), -32 () and -
36 (▬) °C; master curve was plotted using the frequency sweeps acquired in the 
range of -36 to 8 °C. 
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Figure 4.9  
 
 
Figure 4.9 Temperature variation of factor αT within the glass transition and glassy state for 
atmospheric (,) and pressurized (▲,∆) sample of 80% soy glycinin, with the 
solid lines reflecting the WLF and modified Arrhenius fits of the shift factors in 
the glass transition region and glassy state, respectively (dashed lines pinpoint the 
Tg predictions). 
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4.4 Conclusions 
 
High pressure effects on the modification of functionality of proteins in dilute and 
semi-dilute systems (i.e. < 20% w/w solids in formulations) have been thoroughly 
investigated over the years. However, understanding of physical functionality of protein 
systems at high (up to 80% w/w) level of solids is still underexplored. In earlier 
investigations, we examined to what extend high pressure processing has an influence on the 
structural properties of condensed whey and BSA samples. Results indicated unfolding and 
irreversible denaturation of whey protein composed of two disulfide bonds at low to 
intermediate solid contents (< 70%), whereas at 80% solids systems retained native 
morphology (Dissanayake et al., 2012). BSA, with a sequence of seventeen disulfide bridges 
and accompanying secondary bonds, resisted pressurisation in formulations made of low or 
high levels of solids (previous chapter of the Thesis).  
Experimental data from MDSC and FTIR in the present investigation confirmed the 
findings on high pressure stability of condensed protein systems indicating that pressurized 
soy glycinin lies in the between of the behavior recorded for whey protein and BSA. The 
twelve disulfide linkages assist in retaining secondary structure in concentrated (70-80%, 
w/w) systems, and the native conformation in the preparations at low to intermediate solids 
content (up to 60% w/w) has been partially affected. Mechanical observations of both types of 
soy glycinin preparations show the formation of a coherent structure, which undergoes 
vitrification at subzero temperatures. The work is another step for optimal utilization of high 
pressure processing in the development of highly nutritional protein-based products and 
supplements in added value formulations.  
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CHAPTER 5 
STRUCTURAL PROPERTIES OF CONDENSED OVALBUMIN 
SYSTEMS FOLLOWING APPLICATION OF HIGH 
PRESSURE 
  
ABSTRACT 
 
The effect of high pressure on thermomechanical and physicochemical properties of 
ovalbumin samples up to 80% (w/w) solids is presented and compared to conventional 
thermal treatment. Results from small deformation dynamic oscillation in shear, modulated 
differential scanning calorimetry (MDSC) and Fourier transform infrared spectroscopy 
(FTIR) revealed that pressure-treated ovalbumin maintains its native conformation in 
condensed systems of 80% (w/w) solids, whereas its structure has been irreversibly changed 
in the aqueous environment of 20% (w/w) solids, and partially altered at intermediate levels 
of solids (30-60%, w/w). That was rationalized on the basis of specific rearrangements 
between sulfhydryl and disulfide bonds following application of high pressure and the high 
hydrophobicity of the ovalbumin molecule. Cooling to subzero temperatures results in 
vitrification and the formation of a matrix with glassy consistency for both atmospheric and 
pressurized materials. Application of the method of reduced variables and the combined 
WLF/free volume theoretical framework are able to predict the glass transition temperature of 
condensed ovalbumin preparations.   
. 
Keywords: Ovalbumin, high pressure processing, glass transition temperature, structural 
properties 
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5.1 Introduction 
 
High hydrostatic pressure processing applied to foodstuffs has become of interest 
recently both in academia and industry. The effects of high pressure have been reported on 
four main areas: inactivation of microorganisms, enzymatic activity, protein structure and 
thermodynamic phase changes depending on biopolymer system, applied 
pressure/temperature regime and duration of the experimental treatment (Messens et al., 
1997). As pointed out in most of the studies, high hydrostatic pressure can affect protein 
systems at levels of secondary, tertiary and quaternary structures via driving the dissociation 
and unfolding/disassembly of protein’s conformational chemistry and structure (Gross and 
Jaenicke, 1994; Mozhaev et al., 1996; Smith et al., 2000).  
Ovalbumin is a monomeric phosphoglycoprotein with a relative molecular weight of 
45 kDa and isoelectric point of 4.5, comprising four sulfhydryl groups and one disulfide bond 
buried in the protein core (Iametti et al., 1998; Mine, 1995). The three dimensional structure 
of ovalbumin is mainly arranged by α-helical reactive loop, which is 41% of the molecule, 
34% β-sheet, 12% β-turns and 13% random coils (Ngarize et al., 2004). Molecules have a 
tendency to aggregate under various conditions including high pressure. However, previous 
investigations revealed that the extent of ovalbumin denaturation by high pressure is much 
less than for either heat or chemicals. The pressure-induced egg white gels are also softer and 
more elastic than heat-induced counterparts (Hayashi et al., 1989). 
High pressure induces a decrease in residual denaturation enthalpy, solubility and 
buried SH content in ovalbumin, whereas there has been an increase in turbidity and surface 
hydrophobicity, which depends on pH, protein concentration, ionic strength, and extent of 
pressurisation (Van der Plancken et al., 2007). Using spectrofluorometry, it was demonstrated 
that the native conformation of ovalbumin remains stable after pressurization at 400 MPa at 
low protein concentration, although the α-helix structure was reduced from 41% to 29% 
(Hayakawa et al., 1996; Messens et al., 1997). FTIR experiments also indicate 
rearrangements in the secondary structure of pressurized ovalbumin and formation of 
intermolecular hydrogen bonds (Mine, 1995). 
 Most of the aforementioned studies have been focussed on the qualitative and 
quantitative description of changes observed in pressure-treated ovalbumin systems at a 
relative low level of solids content, typically up to 20% (w/w). There is scanty information on 
the effect of high-pressure on globular systems reaching higher level of solids (up to 80%), 
which of course is of great industrial interest for inclusion in high solid formulations of 
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powders, snacks, breakfast cereals, etc. Recent studies on the application of high pressure in 
condensed materials have been carried out in whey proteins and immunoglobulins extracted 
from whey proteins (Dissanayake et al., 2012; George et al., 2013). It was demonstrated that 
at these high levels of solids, systems undergo a pressure induced glass transition, which has 
been contrasted with the conventional temperature effects.   
There is no relevant data describing the effect of high pressure at ambient temperature 
on a range of ovalbumin gels from low to intermediate and high levels of solids. In this study, 
we make an effort to characterize thoroughly the application of high hydrostatic pressure on 
the structural properties of such ovalbumin preparations through sensitive and small 
deformation thermomechanical analysis. This is further assisted by wide angle X-ray and 
FTIR techniques to identify the micromolecular arrangements in ovalbumin secondary 
structure following application of high pressure up to 600 MPa. In addition, the current 
investigation utilises certain theoretical modeling in order to provide physical significance to 
the viscoelastic properties of the material at subzero temperatures. Molecular understanding 
was pursued by contrasting the structural properties of high solid atmospheric (i.e. thermally 
treated) and pressurized ovalbumin materials in terms of the glass transition temperature. 
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5.2 Materials and methods 
 
5.2.1 Extraction of ovalbumin from egg white 
 
Ovalbumin was extracted from chicken egg whites using a four-stage crystallization 
technique according to the method of Kekwick and Cannan (1935). A solution of Na2SO4 
(40% w/w) (Sigma Aldrich, Australia) was prepared by dissolving anhydrous salt in warm 
water. Fresh chicken eggs were collected from a local market in Melbourne, Australia, their 
volume was measured and an equal volume of the salt solution was added. The mixture was 
stirred for 2 hrs and the precipitate was discarded using centrifugation at 6500 g for 10 min at 
25 °C. The liquid phase was filtered and a solution of 0.2 N H2SO4 was slowly added to the 
filtrate, with the latter being stirred mechanically until the pH reached 4.6-4.8. Stirring was 
continued and anhydrous Na2SO4 was added slowly until a permanent opalescence developed. 
Once the crystallisation of protein became evident, the mixture was kept at room temperature 
overnight, and the crystalline material was separated using centrifugation at 6500 g for 10 min 
at 25 °C.  
The resultant was redissolved in a volume of water, which was approximately equal to 
the original volume of egg white. Recrystallisation was then effected by addition of 
anhydrous Na2SO4 accompanied with stirring. After two stages of further recrystallisation, the 
final product was brought into solution and dialysed in deionized water for 24 hrs at room 
temperature. The dialysate was freeze dried and stored at 5 °C for further experimentation. 
Three replicates of the freeze dried material were analyzed using the Bradford method to 
identify the protein content, which was found to be 91.5%. 
 
5.2.2 Preparation of ovalbumin samples 
 
Ovalbumin protein dispersions were prepared by dissolving freeze-dried powder in 
deionized water at neutral pH and room temperature to provide concentrations of 
approximately 10% (w/w). Solutions were stirred for approximately 2 hrs using a magnetic 
stirrer to ensure proper dissolution, and then stored overnight at 4 °C. Following this, a series 
of concentrations for the ovalbumin samples (20-80%, w/w) were prepared by dehydrating 
this original material using a vacuum rotary evaporator at 40 °C (± 1 °C). 
Prepared samples were placed in plastic bags and then vacuum sealed using a vacuum 
sealer. Vacuum bags were then placed in a holding basket, loaded into a stainless steel 
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pressure vessel and treated with high hydrostatic pressure at 600 MPa at about 21 °C (the 
temperature did not exceed 40 °C during experimentation) for 15 min using a cylindrical 
vessel apparatus of high pressure with 35 litre volume and 70 mm plunger diameter (Quintus 
Press-QFP 35L, Avure Technologies, Kent, WA, USA). Demineralised water served as the 
pressure transmission medium and the pressure build up was performed gradually at about 
100 MPa per 20 s until the desired pressure level was attained. In order to compare the results 
of pressurized ovalbumin with heat treated counterparts, the thermal treatment was performed 
by subjecting the ovalbumin samples to a heating ramp to 85 °C at atmospheric pressure. 
Pressurized and heat-treated samples were stored at 4 °C for characterisation of molecular, 
thermal and structural properties. 
 
5.2.3 Experimental analysis 
 
Sodium Dodecylsulphate PolyacrylAmide Gel Electrophoresis: SDS-PAGE was 
performed according to the method of Laemmli (1970) in a Bio-Rad mini-Protein 
electrophoresis cell at a constant voltage (100 V) with a gel concentration of 6%. Ovalbumin 
samples for SDS-PAGE were prepared by mixing with sample buffer (60 mM Tris-HCl, 2% 
SDS, 14.4 mM β-mercaptoethanol, 25% glycerol, 0.1% bromophenol blue, pH 6.8). Freeze 
dried powders of ovalbumin were resolved on a 12.5 separation gel, stained with 0.1% 
Coomassie Brilliant Blue for 30 min and were stored overnight. The solution was 
homogenised by 30 s sonication cycles for 3 min. Two different concentrations of non-
denatured ovalbumin samples (50 and 100%) and five different concentrations of heat 
denatured protein samples (10, 40, 50, 70, and 90%) were prepared from the stock solution. 
Following migration, the protein fractions were stained with 0.1% Coomassie Brilliant Blue.   
Figure 5.1 depicts the SDS-PAGE profile of extracted ovalbumin from egg white at 
native and thermally treated conditions. In both cases, ovalbumin exhibits a single band 
around a molecular weight of 45 kDa. This result indicates high purity for the extracted 
proteinaceous fraction and is according to experience (Le Maire et al., 1990; Moon and Song, 
2001).  
 
Rheological measurements: Atmospheric and pressurized ovalbumin samples were 
examined using the technique of small-deformation dynamic oscillation in shear. A controlled 
strain rheometer (TA Instruments, Ltd., New Castle, DE, USA) was employed to obtain 
measurements. Steel parallel-plate measuring geometries were employed (40 and 20-mm 
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diameter) with automatically controlled gap. Samples containing 10-80% (w/w) total solids 
were loaded onto the Peltier and allowed to equilibrate at 25 ± 0.5 °C for 2 min. The exposed 
edges of samples were covered with a silicone fluid from BDH (100 cs) to minimize variation 
in the water content. Measurements involved heating of the samples from 25 to 85 °C, 
keeping at 85 °C for 20 min followed by cooling to 5 °C at a constant rate of 2 °C/min and a 
frequency of 1 rad/s. Further observations were carried out with increasing frequency from 
0.1 to 100 rad/s to examine the viscoelastic properties of gels. Storage (G') and loss (G") 
modulus were thus recorded at angular frequency 1 rad/s, a constant stain of 0.1 to 0.001% 
(within LVR) and atmospheric pressure. 
Investigation of the mechanical relaxation in high solid ovalbumin systems (80% 
solids content, w/w) at atmospheric pressure or pressurized at 600 MPa for 15 min was 
carried out using small oscillatory measurements at a constant strain of 0.001% and angular 
frequency of 1 rad/s with a measuring geometry of 10-mm diameter for an extended 
experimental temperature range. In doing so, ovalbumin preparations at atmospheric pressure 
were thermally denatured by heating from 25 to 85 °C at a rate of 2 °C/min, kept at that 
temperature for 20 min and then cooled to subzero temperatures at the same scan rate. 
Frequency sweeps were also carried out from 0.1 to 100 rad/s and strain of 0.001% at the low 
temperature end of the experimental routine (from 25 to -40 °C) at constant temperature 
intervals of 4 °C to facilitate theoretical modelling of the molecular processes responsible for 
the observed viscoelastic behavior in the glass transition region and glassy state. Pressurized 
samples of 80% (w/w) ovalbumin were cooled from 25 °C to subzero temperatures at the 
above controlled scan rate followed by frequency sweeps to match the analysis implemented 
for the atmospheric pressure counterparts. 
 
Modulated differential scanning calorimetry: Thermal measurements were performed 
on Q2000 MDSC (TA instruments, New Castle, DE) calibrated for enthalpy with a traceable 
indium standard (∆Hf = 28.3 J/g), and for the heat capacity response with a sapphire standard. 
The instrument used a refrigerated cooling system (RCS 90) to achieve temperatures down to 
- 90 °C and a nitrogen DSC cell purge at 50 ml/min. Hermetic aluminium pans were used in 
the present work and an empty pan was the reference cell. Atmospheric and pressurized 
samples (10 - 80%, w/w) of ovalbumin (~10 mg) were weighted to an accuracy of 0.01 mg on 
DSC pan and analyzed in triplicate at a modulation amplitude of 0.53 °C at every period of 40 
s. They were equilibrated at 25 °C and then heated to 110 °C at a heating rate of 5 °C/min 
throughout the experimental routine. Enthalpy of denaturation (ΔH) and midpoint 
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denaturation temperature (Td) were determined using the instrument software after manually 
setting the starting and ending points of the peak calculated from the areas under the 
endothermic event for the denaturation transition. 
Wide angle X-ray diffraction: WAXD diffractogram was obtained using a D4 
Advanced Bruker Endeavour (Karlsruhe, Germany). Freeze dried samples of pressurized 
ovalbumin with 10-80% total solids and native ovalbumin were scanned continuously using 
an accelerating voltage and current of 40 kV and 40 mA, respectively. Samples were placed 
on tray holders and continuously scanned to obtain the raw data for the required 
diffractograms. These were recorded in a 2θ range between 5° and 90° in measuring intervals 
of 0.1°, and subsequently analyzed using the Bruker Advanced X-raySolutions software, 
DIFFRACplus Evaluation (Eva), version 10.0 revision 1. 
 
Fourier transform infrared spectroscopy (FTIR) measurements: Fourier transform 
infrared spectroscopy for pressurized, heat-treated and atmospheric samples of ovalbumin 
were carried out using a Perkin Elmer Spectrum 100 FTIR spectrometer (Springvale Road, 
Glen Waverley, Melbourne, Vic, Australia). Sample spectra were obtained in the convenient 
absorbance mode. For each spectrum, an average of four scans was recorded at 4 cm-1 
resolution in the range of 400-4000 cm-1 after atmospheric and background subtraction. 
Spectra within the range of 1600-1700 cm-1 (Amide I) were deconvoluted, using the 
proprietary software Spectrum Version 6.0.2, to obtain the characteristic peaks that represent 
the secondary conformation of ovalbumin samples. 
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5.3 Results and discussion 
 
5.3.1 Analysis of linear viscoelastic properties of ovalbumin samples containing up to 
seventy percent total solids 
 
Determination of viscoelasticity for the materials of this investigation was carried out 
at a range of ovalbumin concentrations from 10 to 70% (w/w). Using the technique of small 
amplitude dynamic oscillation in shear, the development of structural properties for the 
atmospheric and pressurized ovalbumin preparations was studied during controlled heating to 
85 °C at 2 °C/min, holding at 85 °C for 20 min and cooling to 5 °C (Figures 5.2a and 5.2b). 
Figure 5.2a represents an evolution of the viscoelastic function under the experimental 
parameters for atmospheric ovalbumin. At the beginning of the experimental routine, 
ovalbumin samples revealed a fluid-like nature with values of viscous modulus (G″) being 
greater than storage modulus (G′). With rising temperature up to 60 °C, ovalbumin exhibits 
increase in gradual network integrity, and above 60 °C the protein structure is transformed to 
a gel. This behavior is due principally to the composition of the molecule that consists of four 
sulfhydryl groups (Cys-11, 30, 367, 382) and one disulfide bond (Cys73-Cys120). Increasing 
temperature permits these thiol groups to become activated and rise from the hydrophobic 
cleft to react with the Cys73-Cys120 in order to form new free amino acids and non-native 
disulfide bonds (Doi and Kitabtake, 1997; Gosal and Ross-Morphy, 2000; Mine et al., 1990; 
Van Kleef, 1986). At temperatures higher than 70 °C, a decrease in the slope of modulus was 
observed followed by the development of a strong network, with values at the end of the 
experimental routine approaching equilibrium between 102.5 and 106.8 Pa for the samples of 10 
and 70 % (w/w), respectively. 
As depicted in Figure 5.2b, pressurized at 600 MPa for 15 min ovalbumin preparations 
show network formation at the beginning of the experimental routine with values of storage 
modulus being higher than for the atmospheric counterparts attributed to the density increase 
effect of compression (Alvarez et al., 2008). Observations in the structural behavior of 
pressurized materials as a function of temperature reveal network softening at the beginning 
of the experimental routine owing to the destabilisation of hydrogen bonds followed by 
structure recovery further on with higher temperatures. Results also argue that the final 
network strength is dependent on protein concentration for each preparation, where an 
increase in the solids content of ovalbumin samples from 10% to 70% (w/w) leads to a 
remarkable growth in storage modulus. The observed rheological pattern in ovalbumin gels at 
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atmospheric and pressurized conditions is congruent with other globular proteins reported in 
the literature (Cordobes et al., 2004; Dissanayake et al., 2012; George et al., 2013; Hua et al., 
2005; O’Kane et al., 2004). 
As mentioned in previous chapters of the Thesis, pressure treatment primarily affects 
non-covalent bonds, i.e. hydrogen, ionic and hydrophobic forces, whereas heat treatment 
leads to destabilisation of both covalent and non-covalent associations. In ovalbumin, 
research indicates that application of high pressure involves changes particularly in the 
tertiary structure of the protein leading to an increase in reactive SH residues and the 
formation of insoluble aggregates supported by disulfide bridges (Iametti et al., 1998; Van der 
Plancken et al., 2007). In accordance to BSA and soy glycinin, the current investigation 
confirms that high pressure has an effect on the structure of ovalbumin producing systems of 
high network integrity, which is known as a pressure-induced gel. Examination of 
micromolecular properties for the ovalbumin systems with calorimetry will show to what 
extent changes in structure relate to transformations in molecular architecture. 
 
5.3.2 Thermal properties of the ovalbumin system containing up to eighty percent total 
solids 
 
To solidify evidence of denaturation patterns in ovalbumin and to corroborate the 
rheological outcomes of the preceding section, thermal events including denaturation enthalpy 
(ΔH) and denaturation temperature (Td) were recorded using heat flow signals of modulated 
differential scanning calorimetry (MDSC). The technique offers insights into micromolecular 
processes of the material related to thermal transitions (Donovan and Mapes, 1976; Gorinstein 
et al., 1995). The effect of high pressure processing on ovalbumin is studied currently by 
obtaining thermograms for atmospheric systems or after pressurizing at 600 MPa for 15 min. 
Figure 5.3a and b reproduces the corresponding MDSC traces during a heating run from 20 to 
110 °C at a scan rate of 5 °C/min.  
The native structure of ovalbumin was stable up to a critical temperature, and then 
disrupted with certain intensity in heat absorption. Figure 5.3a depicts typical endotherms for 
protein denaturation having symmetric peaks within temperatures from 74.4 to 93.8 °C (Table 
5.1). In atmospheric ovalbumin samples, there are well-defined troughs with different amount 
of enthalpies, reflecting the main properties of the endothermic event. From Figure 5.3a and 
Table 5.1, it is clear that atmospheric ovalbumin samples at 10% and 80% (w/w) show the 
lowest and highest enthalpies (0.464 and 7.434, respectively) compared to the other 
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atmospheric samples. Results obtained in the current study on the denaturation patterns for 
ovalbumin are in agreement with previous reports by other workers (Bircan and Barringer, 
2002; Gorinstein et al., 1995; Kitabatake et al., 1990; Kosters et al., 2003). 
Experimental protocol was repeated on pressurized preparations in Figure 5.3b to 
show that there were no endothermic peaks at 10 and 20% (w/w) samples of ovalbumin 
arguing that the present conditions of pressurization have changed irreversibly the secondary 
structure of the protein, i.e. ovalbumin has been denatured following application of high 
pressure. However, endothermic events of pressure treated ovalbumin samples at intermediate 
and high solid levels, i.e. greater than 30% w/w in Table 5.1, show enthalpy values that are 
lower than for the atmospheric preparations. Similarly to soy glycinin, these changes in 
enthalpy were utilised to estimate the amount of denaturation in pressurized samples, which 
was calculated as [100 – (∆Hpres / ∆Hatm)] and depicted as a function of ovalbumin 
concentration in Figure 5.3c. Clearly, preparations with 10 and 20% (w/w) ovalbumin display 
complete denaturation following application of high pressure. However, ovalbumin systems 
from 30 to 60% (w/w) in formulations revealed partial denaturation with increasing amounts 
of preserved secondary conformation. Condensed preparations of ovalbumin at 70 and 80% 
withstand pressurisation in more than 80% of the native morphology. 
In previous sections of the Thesis, it has been demonstrated that disulfide bonds are 
responsible for the conformational stability and reactivity of the globular proteins as a 
function of applied pressure or heat treatment. According to these findings, the ovalbumin 
molecule with one disulfide bond is expected to denature following application of high 
pressure throughout its concentration range. Observed pressure stability of ovalbumin 
samples at intermediate and high level of solids relates to strong non-covalent interactions 
stabilising the three-dimensional structure of the protein and the specific rearrangement of 
thiol and disulfide groups in the ovalbumin molecule.  
Thus, ovalbumin has a high amount of hydrophobic zones (around 40% of the 
molecule), which causes desorption of water from each hydrophobic area (Galazka et al., 
2000; George et al., 2013; Haskard and Li-Chan, 1998; Hayakawa et al., 1992; Perkin et al., 
1997). Whey protein has two disulfide bonds, but shows low surface hydrophobicity values 
due to the fact that hydrophobic groups are buried inside the native structure of the protein 
molecule. As a result, water molecules can penetrate through the surface to reach the core and 
induce denaturation following application of high pressure (Dissanayake et al., 2012; Moro et 
al., 2001). The high hydrophobicity of ovalbumin results in a relatively low water holding 
capacity, as compared to other globular proteins, being unable to retain water effectively in 
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the vicinity of the molecule and, therefore, retaining effectively secondary conformation 
under pressurisation (Chou and Morr, 1979; Heino et al., 2007; Khatib et al., 2002; 
Savadkoohi et al., 2013a). Further, molecular mobility of globular proteins is restricted in 
high solid systems (80%) due to the compactly packed core of the protein, resulting in limited 
transfer of water into the hydrophobic core of the molecule, an arrangement that also resists 
pressure induced denaturation (Kato et al., 2008).  
 
5.3.3 Conformational analysis of ovalbumin using Fourier transform infrared spectroscopy 
 
Vibration techniques such as FTIR can be useful in the conformational study of 
globular proteins that are turbid or particulate either in nature or through processing. Readings 
mainly correspond to the polar functional groups such as C=O and O-H (Ngarize et al., 2004). 
The amino acid or polypeptide repeating units give rise to nine characteristic bands including 
Amide I-VII and Amide A & B “fingerprints”. Amide groups involved in the secondary 
structure of proteins are α-helix, -sheets, -turns and random coils (Krimm and Bandekar, 
1986; Surewicz and Mantsch, 1988). From this, the most sensitive region of FTIR spectra, 
associated with protein structural conformations, are the Amide I band (1600-1700 cm-1), 
which is formed by the C=O stretching vibrations of the peptide linkages, and amid II band 
(1600 to 1500 cm-1) attributed to C–N stretching and N–H bending of Amide groups (Dong et 
al., 1990).  
Figure 5.4a reproduces the FTIR spectra for selected ovalbumin samples obtained at 
atmospheric pressure, heat treated at 85 °C for 20 min, and pressurized at 600 MPa for 15 
min. Figure 5.4b summarises outcomes for all FTIR spectra within Amide I band. Clearly, 
pressurisation changes the native conformation of 10 and 20% (w/w) ovalbumin samples, has 
an effect in the partial denaturation of ovalbumin at semi-dilute systems (from 30 to 60%, 
w/w) but, critically, does not interrupt the ovalbumin structure at 70 and 80% (w/w) solids. 
Further, heat treatment non-reversibly altered the ovalbumin native conformation leading to 
protein unfolding, and, as a result, there is a gradual decrease in the intensity of absorbance. 
Taking on board the above knowledge on the secondary structure of ovalbumin, we 
continue the FTIR investigation on the polymer by deconvoluting the Amide I band. Figures 
5.4c and 5.4d reproduce changes in ovalbumin preparations of 40 and 80% (w/w), 
respectively, obtained at ambient temperature, and samples that have been previously heat 
treated or pressurized by assigning band frequencies to the secondary conformation of 
proteins. Assignment of the bands was made on the basis of previous infrared studies for 
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many proteins in water solutions (Dong et al., 1990; Dong et al., 1992). Thus, the bands at 
1617 to 1623 and 1691 to 1698 cm-1 can be assigned to β-sheets, those between 1667 and 
1685 cm-1 to β-turns, while the bands at 1636-1643 and 1647-1658 cm-1 are associated with 
random coils and α-helix, respectively. Results from the quantitative analysis of the secondary 
composition of native ovalbumin are in agreement with previous reports and correspond to 
35% β-sheet, 15% β-turns, 40% α-helix and 9% random coil in Figures 5.4c-d (Kato and 
Takagi, 1988; Ngarize et al., 2004; Smith et al., 2000).  
Under the experimental conditions utilised in this work, ovalbumin systems display 
diminishing α-helix content accompanied with increasing β-sheets content (Smith et al., 
2000). It seems that at relatively low levels of solids (10 to 40% w/w) high pressure treatment 
causes the ovalbumin to partially denature with an alteration in the content of α-helix and β-
sheet. At higher levels of solids (60 to 80%), though, the level of β-sheets remains unaltered 
following pressurisation, which is further evidence of retention of molecular morphology in 
these matrices. 
 
5.3.4 X-ray diffraction analysis of the ovalbumin globulins 
 
Figure 5.5 shows the diffractograms from wide angle X-ray scattering for the 
atmospheric and pressurized ovalbumin preparations that were analyzed for the extent of 
amorphicity in these gels. In both cases, single fingerprints of broad peaks between 19 and 
30° were recorded, which corresponds to the signature of amorphous materials with the 
characteristic dense morphology being shaped up from the processing conditions of freeze 
drying used in preparing these samples (Almrhag et al., 2012; Payne et al., 1999). The 
absence of sharp peaks in the diffractograms demonstrates the lack of considerable crystalline 
entities in the atmospheric and pressurized ovalbumin samples. This supports the 
experimental observations of rheology and calorimetry, letting us to hypothesize that glass 
transition phenomena might be operational in high solid ovalbumin preparations at subzero 
temperatures. We shall then continue this investigation to examine the applicability of 
viscoelastic theory in atmospheric and pressurized systems using small deformation 
mechanical measurements. 
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5.3.5 Theoretical modelling to interpret the mechanical data on vitrification phenomena 
within the high-solid ovalbumin systems  
 
Vitrification as a kinetically determined process means that the mechanical 
manifestation of the rubber-to-glass transition depends upon the period of observation (Ferry, 
1980; Groot and Agterof, 1995; Kasapis et al., 2003). Figure 5.6 reproduces the mechanical 
spectra of 80% (w/w) ovalbumin samples at atmospheric and pressurized conditions. The 
former were heated from 25 to 85 °C, held there for 20 min, and then cooled to -22 °C at scan 
rate of 2 °C/min, constant frequency of 1 rad/s and a small amplitude of oscillatory strain at 
0.001%. They produced descending storage modulus data with increasing temperature, which 
became reinforced during subsequent heating. Pressurized samples were cooled directly from 
ambient conditions to subzero temperatures to probe a coherent structure with a monotonic 
development in storage modulus values to the end of the experimental routine.  
To provide a means of identification of the molecular dynamics involved in network 
glass transitions, we evolved mechanistic explanations via the time-temperature superposition 
principle (Kasapis et al., 2004; Plazek and Ngai, 1991). Figures 5.7a and 5.7b reproduce the 
outcome of frequency sweeps (from 0.1 to 100 rad/s) at regular temperature intervals (every 4 
°C), which covers the isochronal temperature range in Figure 5.6 at subzero temperatures. The 
frequency sweeps were also monitored for pressurized ovalbumin samples, with similar trends 
being recorded to that produced by the atmospheric counterparts (Figure 5.8a and 5.8b).  
Mechanical spectra in Figures 5.7a,b and 5.8a,b were processed by choosing 
arbitrarily a point as the reference temperature (T0 = -2 °C and -13 °C for the atmospheric and 
pressurized ovalbumin samples, respectively), and the remaining mechanical spectra were 
shifted horizontally along the log frequency axis until a uniform curve was obtained. Proper 
matching from end-to-end of the curves provides a relationship between viscoelasticity and 
reference temperature of the heating or cooling run as long as the frequency of the former is 
multiplied by a shift factor, aT (Kasapis, 2008; Maltini and Anese, 1995; Prolongo et al., 
2002). The application of this method creates a master curve of viscoelasticity that is 
illustrated in Figures 5.7c and 5.8c for the atmospheric and pressurized samples, respectively, 
with the reduced variables of shear modulus (G'p and G"p) being plotted logarithmically as a 
function of reduced frequency of oscillation (ωaT). 
Generated shift factors were first modelled with the theory of free volume described in 
the form of the Williams, Landel and Ferry (WLF) equation. As postulated in the literature, 
the free volume theory describes the concept of vacant spaces within the network arising from 
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irregularities in polymeric arrangement (Meinders and van Vliet, 2009). The vacant space 
facilitating chain and micromolecular motions collapses during the vitrification process 
inducing an arrest on polymer chain dynamics (Ferry, 1991). The modified mathematical 
format of the theory of free volume to complement the dynamic mechanical data is as follows 
(Ferry, 1980; Kasapis and Mitchell, 2001):  
log aT = -
oo
oo
 
T - T + )/(f
)T - )(T(B/2.303f
f
     (5.1) 
where, fo is the fractional increase in free volume at To (or fg at Tg), f is the thermal expansion 
coefficient, the value of B is set to be about one, and B/2.303fo and fo/αf are considered to be 
the WLF parameters of
0
1 C  and 
0
2 C , respectively. 
Modelling based on the WLF concept becomes unrealistic for the shift factors in the 
glassy state and an alternative approach to the theory of free volume can be used. This theory 
is based on the predictions of the reaction rate that follows the mathematical expression of 
Andrade (modified Arrhenius) using the activation energy as an elementary parameter 
(Gunning et al., 2000):  
log aT  = 
R303.2
a  (
oT
11


)     (5.2) 
where, R is the gas constant. This mathematical expression follows the progress in shift 
factors by integrating two sets of temperature data. The Arrhenius rate law describes the 
temperature dependence of molecular parameters in various chemical and physical reactions 
(Hrma, 2008). It yields estimates of activation energy (Ea), which argue that relaxation 
processes in the temperature range of interest are heavily controlled by the specific chemical 
features of the material (Kasapis et al., 2003). 
Modelling our data shows appropriate fits for the obtained shift factors in the glass 
transition region and glassy state of the ovalbumin samples tested at atmospheric and high 
hydrostatic pressure, as depicted in Figure 5.9. The expression of an Arrhenius–related linear 
superposition delimits a discontinuity in the development of shift factors at the end of the 
WLF curve upon cooling. This corresponds to a threshold from WLF to Arrhenius type 
kinetics and can be considered as the absolute boundary between the glass transition region 
and the glassy state, reflecting the mechanical glass transition temperature (Tg) (Binder et al., 
2003).  
Application of the combined WLF/free volume theoretical framework yields fg = 
0.031, f, = 6.3 × 10
-4 deg and Tg = -15.0 °C for pressurized ovalbumin samples, and fg = 
0.021, f, = 4.3 × 10
-4 deg and Tg = -4.0 °C for the pressurized counterparts. Results argue that 
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atmospheric and pressurized ovalbumin samples undergo a glassy transformation within the 
present experimental settings. The values of fractional free volume at the glass transition 
temperature and thermal expansion coefficient correlate well with the corresponding 
parameters obtained for the vitrification of other globular proteins and high-sugar 
polysaccharide systems (Dissanayake et al., 2012; Dissanayake et al., 2013; George et al., 
2013; Kasapis, 2012; Savadkoohi et al., 2013b; Shrinivas and Kasapis, 2010). 
The mechanical Tg can be considered as the threshold of two distinct molecular 
processes that can be utilised empirically to evaluate their temperature dependence during 
vitrification. Evidence from Figure 5.9 confirmed that pressurized ovalbumin systems at high 
solids content possess a tightly packed structure with a tendency to structure formation. 
Reduced free volume leads to increasing the friction coefficient among the surfaces of 
adjacent protein particles and, as a result, the structural knots of pressure-treated networks are 
enhanced for intermolecular cross-linking. This type of arrangement is distinct from thermally 
treated ovalbumin molecules, based on the conventional string of beads in polymeric 
networks. Consequently, the macro-examination of the glass transition temperature is around -
15.0 °C for pressurized materials, whereas the atmospheric preparations exhibit a Tg of about -
4.0 °C. 
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Table 5.1 Thermal properties of 10-80% (w/w) atmospheric and pressurized ovalbumin 
systems detected by modulated differential scanning calorimetry 
 ATM HPP 
Ovalbumin 
samples 
(w/w) 
Onset 
temp. 
(°C) 
Td 
(°C) 
Endset 
temp. 
(°C) 
ΔH 
(J/g) 
Onset  
temp.  
(°C) 
Td  
(°C) 
Endset 
temp. 
(°C) 
ΔH 
(J/g) 
10% 68.65 74.39 81.94 0.464 ---- ---- ---- ---- 
20% 74.59 79.79 88.22 1.891 ---- ---- ---- ---- 
30% 76.06 81.36 90.41 3.280 75.69 81.23 90.66 2.558 
40% 77.89 83.14 92.11 4.190 77.03 82.36 92.28 3.381 
50% 81.21 86.66 95.98 5.356 81.77 89.77 92.03 4.406 
60% 87.38 91.77 97.37 6.368 81.88 89.81 92.3 5.102 
70% 88.57 92.93 99.77 6.967 82.16 89.74 93.1 5.911 
80% 88.95 93.77 100.08 7.434 83.25 90.27 94.24 6.229 
ATM – atmospheric, HHP – pressure at 600 MPa for 15 min, ∆H – denaturation enthalpy, Td 
– denaturation temperature 
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Figure 5.1  
 
 
Figure 5.1 SDS-PAGE of different concentration of native and heat denatured ovalbumin with 
lanes: (M) marker, (HD) 10 - 90% (w/w) of heat denatured and 50-100% (w/w) of 
non-denatured ovalbumin preparations. 
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Figure 5.2a  
 
 
Figure 5.2b  
 
Figure 5.2 Changes in storage modulus (G') of 10 (∆), 20 (▲), 30 (), 40 (), 50 (), 60 
(), 70 () (w/w) ovalbumin during heating from 25 to 85 °C, holding 20 min at 
85 °C followed by cooling to 5 °C at a constant rate of 2 °C/min, a frequency of 1 
rad/s  and strain of 0.1%; samples at atmospheric pressure (a) and samples after 
pressurizing at 600 MPa for 15 min (b). 
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Figure 5.3a  
 
 
Figure 5.3b  
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Figure 5.3c 
 
 
 
Figure 5.3 MDSC thermograms of 10, 20, 30, 40, 50, 60, 70, 80%  (w/w) ovalbumin samples 
during heating from 25 to 110 °C at a heating rate of 5 °C/min; samples at 
atmospheric pressure (a) and samples after pressurizing at 600 MPa for 15 min (b) 
arranged successfully downwards;  and extent of denaturation in pressurized 
ovalbumin samples (c). 
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Figure 5.4a 
 
 
Figure 5.4b 
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Figure 5.4c 
 
Figure 5.4d  
 
Figure 5.4 Representative FTIR spectra of 10, 40 and 80% (w/w) ovalbumin preparations at 
atmospheric pressure, after pressurization and with heat treatment at 85 °C for 20 
min (a); changes in the Amide I region (b) of 10 – 80% (w/w) ovalbumin samples 
either at atmospheric pressure (), heat treatment at 85 °C for 20 min (▲) and 
after pressurizing at 600 MPa for 15 min (); secondary conformation of 
ovalbumin at 40 (c) and 80% (d) total solids (w/w). 
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Figure 5.5 
 
 
 
Figure 5.5 X-ray diffractograms for the freeze dried atmospheric ovalbumin, and 10, 20, 30, 
60 and 80% (w/w) pressurized ovalbumin sample arranged successfully 
downwards. 
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Figure 5.6 
 
 
 
 
Figure 5.6 Variation of storage modulus (G') of 80% (w/w) ovalbumin samples at a constant 
frequency of 1 rad/s and strain of 0.001%; sample at atmospheric pressure (▲) 
was heated from 25 to 85 °C, held at 85 °C for 20 min and cooled down to -37 °C, 
and sample after pressurizing at 600 MPa for 15 min (∆) was cooled from 25 °C to 
-37 °C (scan rate of 2 °C/min). 
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 Figure 5.7a 
 
 
Figure 5.7b 
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Figure 5.7c  
 
 
Figure 5.7 Frequency variation of G' (a) and G" (b) for 80% ovalbumin samples at 
atmospheric pressure and master curve of reduced shear modulus (c)  [G'p () and 
G"p ()] as a function of reduced frequency of oscillation (ωaT); the lowest curve 
was taken at 15 °C (), other curves successively upward 11 (), 7 (), 3 (), -1 
(), -5 (), -9 (▲), -13 (∆), -17 (), -21 (), -25 (), -29 (), -33 () and -37 
(▬) °C; master curve were plotted using the frequency sweeps acquired at the 
range of -37 to 15 °C.  
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Figure 5.8a 
 
Figure 5.8b  
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Figure 5.8c 
 
 
Figure 5.8 Frequency variation of G' (a) and G" (b) for 80% ovalbumin samples pressurized 
at 600 MPa for 15 min and master curve of reduced shear modulus (c)  [G'p () 
and G"p ()] as a function of reduced frequency of oscillation (ωaT); the lowest 
curve was taken at 18 °C (), other curves successively upward 14 (), 10 (), 6 
(), 2 (), -2 (), -6 (▲), -10 (∆), -14 (), -18 () and -22 () °C; master 
curve were plotted using the frequency sweeps acquired at the range of -22 to 18 
°C.  
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Figure 5.9  
 
 
Figure 5.9 Temperature variation of factor αT within the glass transition and glassy state for 
atmospheric (,) and pressurized (▲,∆) sample of 80% ovalbumin, with the 
solid lines reflecting the WLF and modified Arrhenius fits of the shift factors in 
the glass transition region and glassy state, respectively (solid line and dashed line 
pinpoints the Tg prediction). 
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5.4 Conclusions 
 
The present work was an effort to provide comprehensive understanding of the 
structural behavior of dilute, semi-dilute and high-solid environments of ovalbumin following 
application of high pressure. Previously, the structural properties of whey protein, soy 
glycinin and BSA preparations at atmospheric conditions and following pressurisation were 
examined (Dissanayake et al., 2012; Savadkoohi et al., 2013b). The work indicated unfolding 
and irreversible denaturation of pressure-treated whey protein (containing 2 S-S bonds) at low 
and intermediate level of solids, but retaining secondary structure at 70 and 80% (w/w). BSA 
with 17 disulfide linkages primarily resisted pressurisation within this range of concentrations 
maintaining native conformation.  
The inherent conformation of soy glycinin containing 12 S-S bonds has been partially 
changed in systems up to 60% solids content, while the glycinin secondary structure 
withstands the pressure circle in concentrated preparations (70 and 80% solids). Evidences 
from MDSC and FTIR in this work, supports the argument on retention of bioactivity and 
structural functionality for the condensed ovalbumin systems, whereas at dilute and semi-
dilute environments, structural behavior was altered to follow an increasing extent of 
reversibility. It appears that ovalbumin does not follow the consequence of pressure stability 
depending on the number of disulfide bonds in the protein molecule observed in the preceding 
sections of the Thesis. Resistance to high pressure should be related to the high surface 
hydrophobicity of the ovalbumin molecule that restricts transferring of water molecules to the 
protein interior hence preventing the denaturation process.  
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CHAPTER 6 
INACTIVATION OF BACTERIAL PROTEASES AND 
FOODBORNE PATHOGENS IN CONDENSED GLOBULAR 
PROTEINS FOLLOWING APPLICATION OF HIGH 
PRESSURE 
 
ABSTRACT 
 
The present investigation deals with the effectiveness of high pressure processing as a 
preservation technique for protein based materials. Increasing protein concentration up to 
80% (w/w) in bovine serum albumin (BSA), soy glycinin and ovalbumin systems results in 
overall reduction in foodborne pathogens (i.e. Staphylococcus aureus, Bacillus cereus and 
Escherichia coli) for atmospheric samples due to reduced water activity. Application of high 
pressure (600 MPa for 15 min) reduces further microbial counts in these systems at 
comparable levels of solids. The effect of high hydrostatic pressure on proteolytic activity of 
proteases from Pseudomonas fluorescens strains 73 and 113 with globular proteins as 
substrates throughout the experimental range of protein concentration (10 to 80% w/w) has 
also been observed. Enzymatic activity in samples pressurized at 600 MPa for 15 min 
declined considerably, as compared to atmospheric counterparts. In addition, glycinin with the 
highest water holding capacity exhibits increased protease and microbiological activity at a 
given level of solids and treatment. Our work demonstrates that high pressure processing can 
act as an effective means of reducing microbial and enzymatic activity in condensed systems 
of globular proteins.  
 
Keywords: High pressure processing, Globular protein, Protease and microbial inactivation  
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6.1 Introduction 
 
The quality and safety of food products are the most important factors influencing 
consumer choice and considerations of market viability by manufacturers and distributors 
(Castro et al., 2001; Considine et al., 2008). Thermal processing is used widely for food 
preservation but can alter the nutritional and sensory qualities of formulations. Increasing 
consumers’ demand for fresh-like quality food, and the quest for energy conservation and 
reduction in carbon footprint by manufacturers have encouraged the development of 
innovative non-thermal technologies. High-pressure processing has been of interest recently, 
since it is considered as a promising technology within the perspective of industrial utilization 
for maintaining the sensory quality and nutritional profile in foods (Deliza et al., 2005).  
High pressure treatment has been suggested as a food preservation technology for 
spore inactivation and sterilization processing in combination with elevated temperatures 
(Oey et al., 2008). In general, observations on the mechanism of microorganism inactivation 
by high pressure processing focused on the perturbation of the function of the cell membrane, 
the destruction of ribosome, and changes in cell morphology (Cheftel, 1995; Hoover et al., 
1989; Lee and Kaletunc, 2010; Mackey et al., 1994; Ritz et al., 2000; Smelt, 1998). These 
studies demonstrated that high pressure processing is able to inactivate some of the commonly 
found pathogens in low-solid food formulation, including Salmonella, Shigella and 
Escherichia coli (Yang et al., 2012).  
Besides microbial kill, high hydrostatic pressure has a strong influence on the activity 
and stability of enzymes (Estrada-Giron et al., 2005). Pressure inactivation of enzymes in 
food systems is different from that for pure components in buffer solutions (Bang and Chung, 
2010), and can be divided into two classes. Pressures up to 100 MPa have shown a positive 
effect where the enzyme activity is enhanced, and this stimulating effect is mainly observed in 
monomeric enzymes with one polypeptide chain. Secondly, pressures of higher magnitude, 
i.e. above 600 MPa, have shown an inactivation effect where the enzyme activity is retarded 
(Curl, & Jansen, 1950), and both activation and inactivation processes are important in food 
quality. Enzymes become inactivated at a threshold pressure value, which is based on the 
structure and source of enzyme, pH, temperature of pressure treatment, etc. Efficiency in 
retarding enzymatic activity is further enhanced by utilising processing cycles in successive 
application of high pressure to inactivate trypsin, chymotrypsin and pepsin (Curl and Jansen, 
1950; Ludikhuyze et al., 1997).   
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Literature has dealt extensively with the effect of high pressure on the stability of 
enzymes and microorganisms in protein systems up to about 20% (w/w) total solids content. 
In condensed systems finding application in breakfast cereals, snacks, sport supplements, etc. 
research using small-deformation oscillatory, denaturation enthalpy and infrared spectroscopy 
measurements argues that proteins subjected to high hydrostatic pressure retain the secondary 
conformation leading to preservation of bioactivity (Dissanayake et al., 2012; Aimutis, 2004). 
There is no corresponding microbiological or biochemical work in high-solid systems, where 
physicochemical properties are distinct from those in the low-solid counterparts. Therefore, 
the aim of the present study is to assess the residual activity of bacterial proteases and food 
pathogens in globular protein preparations of intermediate and high levels of solids following 
application of static pressure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-169- 
 
6.2 Material and methods 
 
6.2.1 Preparation of globular protein samples 
 
Bovine serum albumin was lyophilized powder from Sigma-Aldrich, Castle Hill, 
NSW, Australia. It had purity of more than 98% based on agarose gel electrophoresis, the 
molecular weight was ~ 66 kDa, and the pH of 1% (w/w) solution in 0.15 M NaCl was 6.8-
7.2. 
Soy protein isolate (SPI) was obtained from Oppenheimer, Sydney, NSW, Australia. 
The composition of the defatted SPI was reported by the supplier as 90.0% protein, 1.5% fat, 
7% moisture, 7% ash and 1% carbohydrate. The material was used in this investigation to 
extract the glycinin (11S) fraction via the method of Wu et al. (1999) and Kasapis and Tay 
(2009) with minor modifications. In doing so, sodium metabisulphite (0.98 g/L) was added to 
10% (w/w) SPI dispersion in deionised water with pH adjustments to 6.4 using 1 M HCl, and 
the preparation was kept in an ice bath overnight. This was then centrifuged at 6500 g for 20 
min at 4 °C using Sorvall RC5B Refrigerated Superspeed Centrifuge (Bad Homburg, 
Germany). The pellet was dissolved in deionised water with pH adjustment to 7.5 and the 
solution was dialysed in semi-permeable membrane against deionised water for 24 hrs at 4 
°C. The resultant salt-free dialysate was freeze dried and stored at 5 °C for further 
experimentation.  
Ovalbumin was extracted from chicken eggs using a four-stage crystallization 
technique according to the method of Kekwick and Cannan (1935). A solution of Na2SO4 
(40% w/w) (Sigma Aldrich, Australia) was prepared by dissolving anhydrous salt in warm 
water. Fresh chicken eggs were collected from a local market in Melbourne, Australia, their 
volume was measured and an equal volume of the salt solution was added. The mixture was 
stirred for 2 hrs and the precipitate was discarded using centrifugation at 6500 g for 10 min at 
25°C. The liquid phase was filtered and a solution of 0.2 N H2SO4 was slowly added to the 
filtrate, with the latter being stirred mechanically until the pH reached 4.6-4.8. Stirring was 
continued and anhydrous Na2SO4 was added slowly until a permanent opalescence developed. 
Once the crystallisation of protein became evident, the mixture was kept at room temperature 
overnight, and the crystalline material was separated using centrifugation at 6500 g for 10 min 
at 25 °C. The resultant was redissolved in a volume of water, which was approximately equal 
to the original volume of egg white. Recrystallisation was then effected by addition of 
anhydrous Na2SO4 accompanied with stirring. After two stages of further recrystallisation, the 
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final product was brought into solution and dialysed in deionized water for 24 hrs at room 
temperature. The dialysate was freeze dried and stored at 5 °C for further experimentation. 
Three replicates of the freeze dried material were analyzed using the Bradford method to 
identify the protein content, which was found to be 91.5%. 
 
6.2.2 Sodium Dodecylsulphate Polyacrylamide Gel Electrophoresis 
 
SDS-PAGE was performed according to the method of Laemmli (1970) in a Bio-Rad 
mini-Protein electrophoresis cell at a constant voltage (100 V) with a gel concentration of 6%. 
Protein and protease samples for SDS-PAGE were prepared by mixing with sample buffer (60 
mM Tris-HCl, 2% SDS, 14.4 mM β-mercaptoethanol, 25% glycerol, 0.1% bromophenol blue, 
pH 6.8). Proteins were resolved on a 12.5 or 10% separation gel and stained with Coomassie 
Brilliant Blue for 30 min and were stored overnight. The solution was homogenised by 30 s 
sonication cycles for 3 min. Two different concentrations of denatured glycinin and 
ovalbumin samples (100 and 50%) and five different concentrations of non-denatured protein 
samples (100, 90, 70, 40, and 10%) were prepared from the stock solution. Following 
migration, the protein and protease fractions were stained with 0.1% Coomassie blue.   
 
6.2.3 Cultures and growth conditions of foodborne pathogens 
 
The bacterial cultures used were Bacillus cereus (strain 3012), Escherichia coli (strain 
103/1-1) and Staphylococcus aureus (strain ATCC 25923). They were obtained from the 
culture collection of the Discipline of Biosciences in the School of Applied Sciences at RMIT 
University. Prior to inoculation and dilution into the protein samples, the cultures were grown 
individually to a concentration range of about 107 cfu/mL (typical population during the late 
exponential phase of growth) in Tryptic Soy Broth Yeast Extract (Oxoid; Thebarton, SA) over 
a period of 20 ± 2 hrs at 37 ± 1 °C. 
A 1:100 dilution in 150 mM sodium chloride (Merck; Kilsyth, VIC) of each culture 
was made and added to the protein samples, which were prepared as a 40% (w/w) solution in 
deionised water. This inoculation step resulted in a further 1:10 dilution of the microbial 
cultures. Part of the diluted protein samples with microbial cultures was removed at this stage 
for enumeration and the remaining material was concentrated up to 80% with a model R-200 
Rotavapor rotary evaporator (Flawil, Switzerland) coupled to a model N 840.3 FT.18 
LABOPORT diaphragm vacuum pump (Munzingen, Germany). The temperature during the 
-171- 
 
evaporation process was maintained at 39 ± 1 °C using a model B-491 Heating Bath (Flawil, 
Switzerland).  
 
6.2.4 Cultures and preparation of crude proteases 
 
Isolates of Pseudomonas fluorescens 79 and 113 were obtained from the dairy culture 
collection at Food Sciences, RMIT University. The cultures were stored at -80 °C in nutrient 
broth containing 20% glycerol. Glycerol helps in reducing dehydration of the bacterial cells 
during the freezing process. A small portion of the frozen bacterial culture was inoculated 
from the cryotube into 10 ml of nutrient broth and incubated at 25°C for 24hrs. The incubated 
culture was centrifuged at 3020 g for 10 min and the supernatant was discarded. The obtained 
pellet was washed in sterile 145 mM NaCl followed by centrifugation at 3020 g for 10 min. 
The pellet containing bacterial cells were resuspended in 145 mM NaCl solution. This 
suspension containing bacterial cells was then introduced to UHT skim milk to achieve a cell 
count of 105 – 106 cfu/ml. The UHT skim milk culture was incubated with circular agitation 
(150 rpm) at 4 °C for 8 days before being centrifuged at 28000 g for 40 min at 4°C. The 
supernatant containing crude protease enzyme was then filtered through a 200 nm filter and 
stored at -72°C. 
 
6.2.5 Preparation of condensed protein systems with protease enzymes 
 
Protein dispersions of 10-30% solids (w/w) were prepared by mixing the protein 
powder in deionised water at natural pH and room temperature. To ensure proper dissolution, 
the samples were stirred for 2hrs using a magnetic stirrer and stored at 4 °C overnight. 
Samples were then dehydrated at 40 °C using a rotary evaporator up to a concentration of 30 
to 60% (w/w), which was depended on the type of protein. Crude bacterial proteases from 
Pseudomonas fluorescens 79 and 113 were then introduced separately into these systems at a 
concentration of 0.1% (w/w). Protein samples containing enzymes were further dehydrated 
until they achieved up to 80% (w/w) total solids and samples were stored at -20°C. 
 
6.2.6 High pressure treatment 
 
Upon reaching the desired solids levels, the protein samples (with proteases and 
microorganisms) were vacuum packed for HPP treatment with a model FoodSaver VAC780 
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vacuum packaging system (Sunbeam; Botany, NSW). Vacuum sealed packages were placed 
in a high pressure single cylindrical vessel apparatus with 35 litre volume and 70 mm plunger 
diameter which were treated at a pressure level of 600 MPa at 22 °C for 15 min (Quintus 
Press-QFP 35L, Avure Technologies, Kent, WA, U.S.A). The pressure medium was 
demineralised water by circulating water and the rate of pressure increase was about 100 MPa 
per 20 s.   
 
6.2.7 Enumeration of the microbial content of protein samples 
 
All samples were diluted in 150 mM sodium chloride and spread in duplicate on: I) 
Bacillus Cereus Selective Agar Base (Oxoid; Thebarton, SA) containing Polymyxin B 
(Oxoid; Thebarton, SA) and Egg Yolk Emulsion (Oxoid; Thebarton, SA) as supplements (for 
Bacillus Cereus); II) Petrifilm E. coli/Coliform Count Plates (3M; Pymble, NSW) (for E. coli) 
and III) Petrifilm Staph Express Count Plates (3M; Pymble, NSW) (for Staphylococcus 
aureus). According to the manufacturer’s instructions, 1 mL was spread on the Petrifilm 
plates and 100 L on the petri dish agar plate. The detection limit was 1.0 × 101 cfu/mL for 
the total count, 1.0 × 102 cfu/mL for B. cereus, 10.0 × 101 cfu/mL for E. coli and S. aureus. 
All measurements were performed in triplicate. 
 
6.2.8 Determination of free amino groups (FAG) 
 
Analysis of the proteolytic activity was performed by determining the concentration of 
free amino groups (FAG) as described by Kocak, & Zadow (1985) with minor modifications. 
Pressurized and atmospheric samples were diluted in a ratio of 1:20 in deionised water using a 
vortex mixer. A 500 µL volume of protein sample was mixed with 500 µL of 734 mM 
trichloroacetic acid (TCA). This was incubated for 60 min at room temperature and filtered 
through No. 41 filter paper. The filtrates were stored at -20 °C overnight. A 12.5 µL aliquot of 
the filtrate was mixed with 1 ml of 100 mM sodium phosphate at pH 8 and 500 µL of 719 µM 
fluorescamine in acetone.  
The intensity of fluorescence were measured at an excitation wavelength of 390 nm 
and emission wavelength of 475 nm using Luminescence Spectrophotometer LS50B (Perkin 
Elmer). Calibration curve was constructed with Leu-Gly dipeptide as a standard at 
concentrations of 40, 60, 80, 100 and 120 µM, and adequate amounts of fluorescamine dye 
were added along with 100 mM sodium phosphate. Fluorescamine reacts with primary amino 
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groups found in the terminal amino acid to form a fluorescent complex. Generated FAG from 
proteolytic activity in samples was expressed in units of µM Leu-Gly equivalents in relation 
to the standard curve. All measurements were performed in triplicate. 
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6.3 Results and discussion 
 
6.3.1 SDS-PAGE Electrophoresis 
 
Figure 6.1a reproduces a typical electrophoresis run of extracted glycinin in an SDS-
PAGE gel. The different components present in lanes can be identified as AB subunits, which 
involve acidic and basic polypeptides of the soy protein (Kasapis and Tay, 2009; Petruccelli 
and Anon, 1995). In thermally treated lanes, the glycinin protein fraction is also made of 
acidic and basic subunits of about 37 and 15 kDa, respectively. Figure 6.1a revealed that 
obtained sample of glycinin was not pure and contained -conglycinin subunits. As discussed 
in the literature, the contamination of glycinin by -conglycinin is unavoidable due to 
precipitation of 11S globulin at pH 6.4 in the extraction procedure. Nevertheless, the purity of 
the glycinin obtained according to the utilised method has been reported being about 90% 
(Yamauchi et al., 1981; Nagano, Hirotsuka et al., 1992; Yuan et al., 2009; Wu et al., 1999).  
Figure 6.1b presents the SDS-PAGE profile of extracted ovalbumin from egg white at 
native and thermally treated conditions. In both cases, ovalbumin exhibits a single band 
around a molecular weight of 45 kDa. This result indicates high purity for the extracted 
proteinaceous fraction, and it is according to experience (Le Maire et al., 1990; Moon and 
Song, 2001).  
Finally, the SDS-PAGE profile of extracted proteases from P. fluorescens 79 and 113 
is represented in Figure 6.1c. Determination of the molecular weight of these proteases, as 
revealed by this technique, results in a single band around 50 kDa for protease 113, and two 
bands around 50 and 75 kDa for protease 79 when visualized by Coomassie blue staining. 
Current data are in agreement with the molecular weight distributions (48.5 to 75 kDa) 
reported in literature for other P. fluorescens proteases (Koka and Weimer, 2000; Kohlmann 
et al., 1991; Kumura et al., 1992; Mayerhover et al., 1973; Redondo-Nieto et al., 2012; 
Sacherer et al., 1994). 
 
6.3.2 Microbial inactivation kinetics in condensed globular proteins using high pressure 
processing 
 
Once the authenticity of our materials is established, we turn our attention on assessing 
the microbial quality of the artificially contaminated system of BSA, soy glycinin and 
ovalbumin at atmospheric and pressurized conditions. Figures 6.2 to 6.4 show the effect of 
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high pressure on inactivation of Bacillus cereus (strain 3012), Escherichia coli (strain 103/1-
1) and Staphylococcus aureus (strain ATCC 25923) as a function of globular protein 
concentration in the system.  
As depicted in Figure 6.2, the level of S. aureus following inoculation of 10% (w/w) 
BSA, soy glycinin and ovalbumin is between 2.5×107 and 4×107 cfu/ml. It is noted that 
raising the solids content in protein systems shows a decreased cell count down to 2.0×106 
cfu/ml attributed to reduced water activity in the concentrated systems. Application of high 
pressure in these globular proteins throughout the experimental concentration range exhibits 
considerable reduction in the total count of S. aureus, which remains below 3.1×104 cfu/ml. 
Figure 6.3 represents the effect of high pressure on Bacillus cereus (strain 3012) in 
globular protein systems. The initial inoculation step of B. cereus in 10% (w/w) of BSA, soy 
glycinin and ovalbumin depicts values of cell count in the region of 4×106 – 3×107 cfu/ml. 
This level was decreased about 1.9×101 cfu/ml for all globular protein systems with 
increasing concentration to 80% (w/w) solids. Following pressure treatment, the B. cereus 
population was further reduced up to about four orders of magnitude from low to high solid 
preparations for the examined globular proteins.  
Similar trends were observed in Figure 6.4 where a considerable reduction in E. coli 
cell count up to 2.2×101 cfu/ml for all globular protein concentrations were monitored 
following application of high pressure. E. coli is a gram-negative microorganism whereas B. 
cereus and S. aureus are gram-positive microorganisms. It appears, however, that the negative 
effect of high pressure processing on bacterial survivability is comparable in Figures 6.2 to 
6.4 regardless of the morphology of their cell wall.   
The water holding capacity of soy glycinin is about 6.5 ml per g of protein depending 
on the type of bean and extraction method, whereas corresponding values for BSA and 
ovalbumin are 0.45 and 0.37 ml per g of protein, respectively (Chou and Morr, 1979; Khatib 
et al., 2002). The former is able to retain water effectively in its network, and this property 
may be responsible for the increased microbial activity and higher values of cell count 
observed for the protein in Figures 6.2 to 6.4.  
Our studies are in agreement with literature showing the effectiveness of high pressure 
on the inactivation of bacterial vegetable cells in liquid-like systems (Butz and Ludwig, 1986; 
Wuytack et al., 2002; Yang et al., 2012). What has not been reported in the literature is the 
effect of high pressure on the condensed counterparts. We report here high-pressure related 
inactivation, without the application of even moderate heat, of vegetative cells in high-solid 
globular proteins. Further, the susceptibility of S. aureus to high pressure processing is 
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demonstrated in Figure 6.2. The microbe is known to be highly baroresistant under standard 
high-pressure (Alpas et al., 1999; Patterson et al., 1995; Rivalain et al., 2012; Wuytack et al., 
2002). No reports appear to exist on S. aureus inactivation in non-liquid systems, and this 
work clearly demonstrates the negative effect of high pressure on S. aureus viability in 
condensed globular proteins. 
 
6.3.3 Protease activity in globular protein systems subjected to high pressure 
 
For effective preservation of food products, potential spoilage scenarios that include 
organoleptic defects from the action of hydrolytic enzymes such as proteases should be 
considered. Inactivation of these enzymes requires greater pressures than does inactivation of 
bacterial vegetative cells (San Martin et al., 2002). Psychrotrophic bacteria secrete 
thermostable proteases, which degrade dairy proteins generating in the process short peptides 
and free amino groups that compromise food quality. Pseudomonas fluorescens produces only 
one type of protease, typically an alkaline zinc metalloprotease with optimum pH of 6.5-8 
(Fairbairn and Law, 1986; Woods et al., 2001). 
In an effort to understand the stability of high pressure treated globular proteins 
against degradative enzymes, this study deals with proteases secreted by Pseudomonas 
fluorescens under high pressure treatment of 600 MPa for 15 min at ambient temperature. 
Crude protease preparations from Pseudomonas fluorescens strains 79 and 113 were 
introduced at a concentration of 0.1% to BSA, soy glycinin and ovalbumin systems from 10 
to 80% (w/w) total solids. The protease activity of extracted enzymes was determined using 
fluorospectrophotometry by measuring the intensity of fluorescamine-amino acid conjugate. 
The concentration of free amino acid (FAG) following proteolytic activity was determined 
from a standard curve constructed using the Leu-Gly dipeptide as discussed in the Materials 
and Methods section. The intensity of fluorescence with respect to the Leu-Gly concentration 
is reproduced in Figure 6.5. 
Native BSA, soy glycinin and ovalbumin systems without addition of enzyme in 
Figures 6.6 to 6.8 produce amino acids corresponding to 5 µM Leu-Gly equivalents 
throughout all experimental concentrations. The presence of free amino groups in native 
protein samples is naturally occurring, and it may be augmented by enzyme producing 
microorganisms while the system is exposed to ambient temperature during sample 
preparation. Atmospheric samples of BSA with protease from P. fluorescens 79 provide a free 
amino-acid concentration of 63 µM Leu-Gly at 10% to 33 µM Leu-Gly equivalents at 80% 
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protein in the system, whereas the same preparations after pressure treatment have a reduced 
proteolytic activity with amino acid concentration of 36 to 22 µM, respectively (Figure 6.6). 
Qualitatively, similar trends were observed when protease from strain 113 of P. fluorescens 
was investigated in BSA, with the atmospheric sample producing amino acid of 46 to 27 µM 
equivalents for 10 and 80% (w/w) solids content, as opposed to the pressurized counterpart 
with 24 and 18 µM of released amino acids in the system, respectively. 
Figure 6.7 depicts the concentration of free amino acids after proteolysis of soy 
glycinin under the two conditions of processing. An overall reduction in proteolysis can be 
observed in pressurized samples producing amino acids from 17 to 15 µM and 30 to 24 µM 
for 10 to 80% total solids with P. fluorescens 79 and 113 proteases, respectively. Similar 
trends were detected in Figure 6.8 for free amino groups from ovalbumin subjected to both 
treatments, where patterns of reduced proteolytic activity with pressurization are depicted. 
Thus, increasing the concentration to 80% (w/w) in the three globular proteins, results in an 
overall reduction in proteolysis for both atmospheric and pressurized samples as compared to 
10% counterparts due to reduced water activity in the concentrated matrix. Moreover, 
reduction in hydrolysis was observed for free amino acids in pressurized samples, as opposed 
to the atmospheric treatment when proteases from P. fluorescens strains 79 and 113 were 
investigated in Figures 6.6 to 6.8. 
Comparing differences in proteolytic activity amongst the three globular protein 
systems, atmospheric samples of 10% glycinin with P. fluorescens strain 113 produced 75 
µM Leu-Gly equivalents of free amino groups, while 46 and 39 µM dipeptide equivalents 
have been generated in ovalbumin and BSA samples, respectively (Figures 6.6 to 6.8). The 
high enzymatic activity could be due to the increased water holding capacity in glycinin 
networks discussed earlier for the microbiological quality of samples.    
Regarding the overall decline in enzymatic activity of pressurized samples, the 
proteolytic activity of BSA with proteases of P. fluorescens strains 79 and 113 is reduced an 
average of 43 and 46%, as compared to atmospheric counterparts, respectively (Figure 6.6). 
Average reductions of 63 and 53% were observed for free amino acids in pressurized samples 
of soy glycinin, as opposed to the atmospheric ones, when proteases from P. fluorescens 
strains 79 and 113 were investigated, respectively (Figure 6.7). Similar trends were detected 
for the pressurized ovalbumin systems throughout the experimental concentration range, with 
protease activity being reduced about 50 and 48% for P. fluorescens strains 79 and 113, 
respectively (Figure 6.8). 
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Protein hydration is essential for enzyme catalysis to occur and its activity is 
commonly considered as being dependent on protein flexibility, which starts as the protein 
molecule approaches total mobility (Gupta, 1992; Hendrickx et al., 1998; Rupley et al., 
1983). Thus, raising the solids content leads to a reduction in diffusional mobility and 
proteolytic activity in high-solid systems. In addition, high hydrostatic pressure affects the 
functionality of enzyme and globular protein via driving the dissociation of oligomeric 
structures and unfolding/missassembly of molecular complexes with the destabilization of 
non-covalent bonds (Fennema, 1996; Gross and Jaenicke, 1994; Ibanoglu and Karata, 2001; 
Mozhaev et al., 1996). Therefore, the active sites of enzymes that include a hydrophobic cleft 
and the three dimensional morphology of the globular protein as the substrate are altered after 
pressurization resulting in a complete or partial loss of hydrolytic phenomena (Messens et al., 
1997). Our results demonstrate the efficiency of high pressure in reducing hydrolytic activity 
either by modification of the structure of the enzyme leading to partial inactivation and/or by 
the conformational rearrangement of the proteinaceous substrate. 
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Figure 6.1a 
 
 
 
Figure 6.1b 
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Figure 6.1c 
 
 
Figure 6.1 SDS-PAGE of a) extracted soy glycinin, b) extracted ovalbumin, and c) crude 
proteases from Pseudomonas fluorescens 79 and 113. 
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Figure 6.2 
 
 
Figure 6.2 Activity and growth of Staphylococcus aureus at atmospheric (open symbols) and 
pressurized (closed symbols) soy glycinin (,), BSA (,) and ovalbumin 
(∆,▲) systems as a function of protein concentration. 
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Figure 6.3 
 
 
 
Figure 6.3 Activity and growth of Bacillus cereus at atmospheric (open symbols) and 
pressurized (closed symbols) soy glycinin (,), BSA (,) and ovalbumin 
(∆,▲) systems as a function of protein concentration. 
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Figure 6.4 
 
Figure 6.4 Activity and growth of E. coli at atmospheric (open symbols) and pressurized 
(closed symbols) soy glycinin (,), BSA (,) and ovalbumin (∆,▲) systems 
as a function of protein concentration. 
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Figure 6.5 
 
 
Figure 6.5 Leucine-Glycine dipeptide standard curve for the fluorescamine assay. 
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Figure 6.6 
 
 
Figure 6.6 Changes in free amino groups of native (), and atmospheric (open symbols) or 
pressurized (closed symbols) BSA with 0.1% (w/w) crude protease from 
Pseudomonas fluorescens strains 79 (,) and 113 (∆,▲) at 25 °C as a function 
of protein concentration. 
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Figure 6.7 
 
 
Figure 6.7 Changes in free amino groups of native (), and atmospheric (open symbols) or 
pressurized (closed symbols) soy glycinin with 0.1% (w/w) crude protease from 
Pseudomonas fluorescens strains 79 (,) and 113 (∆,▲) at 25 °C as a function 
of protein concentration. 
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Figure 6.8 
 
 
Figure 6.8 Changes in free amino groups of native (), and atmospheric (open symbols) or 
pressurized (closed symbols) ovalbumin with 0.1% (w/w) crude protease from 
Pseudomonas fluorescens strains 79 (,) and 113 (∆,▲) at 25 °C as a function 
of protein concentration. 
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6.4 Conclusions 
 
 Present study indicates that high pressure (600 MPa for 15 min) can be used to 
inactivate vegetative bacterial cells in condensed globular protein systems. Of the three 
common foodborne pathogens investigated, S. aureus was the most resistant to pressurisation, 
whereas the E. coli population decreased substantially with increasing polymer concentration 
to 80% solids in formulations. In addition, the effect of pressure on the proteolytic activity of 
degradative enzymes in condensed globular protein systems was investigated. Proteases 
produced from Pseudomonas fluorescens strains show reduced activity in diluted and 
concentrated protein matrixes following pressurisation. Ovalbumin exhibited reduced 
enzymatic activity, as compared to BSA and soy glycinin, which should be attributed to its 
low water holding capacity that prevents the retention of moisture in its network following 
high pressure processing. Monitoring the conformational changes, for example, with Fourier 
Transform infrared spectroscopy of enzyme/globular protein complexes and single enzyme 
solutions under atmospheric, thermal and pressurized conditions will allow better 
understanding of the fundamental mechanism responsible for reduced proteolysis in 
condensed protein samples. 
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CHAPTER 7  
CONCLUSIONS AND FUTURE WORK 
 
Globular proteins are unique biological macromolecules attracting active interest from 
various disciplines including the food industry due to their functional properties (Gross and 
Jaenicke, 1994). The technology of high pressure processing has been known to be a potential 
preservation agent for food systems (Messens et al., 1997). High pressure processes have 
been increasingly applied to protein systems at low levels of solids for research on texture 
modification, aggregation or gelation as well as proteolysis and enzyme inactivation 
(Mozhaev et al., 1996). However, the effect of high pressure on structure and arrangement 
within the protein molecule at high levels of solids is not characterised to date. Therefore, the 
main objective of this Thesis was to illustrate the structural and functional properties of 
condensed globular protein systems subjected to high pressure treatment from three points of 
view: 
  
 Stability of globular conformation against high pressure treatment 
 Changes in the mechanical glass transition of pressurized protein systems  
 Microbial kill and enzyme inactivation in high solid protein systems following 
application of high pressure 
 
The aforementioned aims of the work were pursued by the investigation of pressure 
treated bovine serum albumin (BSA), soy glycinin (11S) and ovalbumin systems prepared at 
10 to 80% solids content using small-deformation dynamic oscillation in shear, micro and 
modulated differential scanning calorimetry, infrared spectroscopy and X-ray diffraction 
studies. It is shown in the current study that high pressure treatment at 600 MPa for 15 min at 
ambient temperature (typical conditions of industrial interest) has an effect on globular 
protein structure and extent of denaturation. Figure 7.1 summarizes the results obtained from 
differential scanning calorimetry including the previous study on whey protein (Dissanayake 
et al., 2012). Details of conformational changes for BSA, soy glycinin and ovalbumin in 
dilute, semi-dilute and condensed preparations following application of high pressure were 
thus elucidated. 
FTIR data argue that BSA systems undergo relatively small conformational changes 
under high pressure, and results were further confirmed with the deconvolution of these IR 
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spectra in the Amide I band. DSC scans for pressurized BSA materials revealed similar 
profiles to those produced by atmospheric counterparts indicating pressure resistance in BSA 
formulations largely within the whole range of concentrations undertaken in the current study. 
Figure 7.1 illustrates the relatively small extent of denaturation being about 29% at 10% 
solids content and 5% at BSA systems with 80% solids. It appears that the stability of BSA 
against pressure is due to a sequence of seventeen disulphide bridges and accompanying 
secondary bonds in the molecule (McClements et al., 1993; Nakamura et al., 1997). Further 
examination of BSA systems argues for glassy behaviour in high solid preparations recorded 
experimentally and modelled theoretically. That was discussed based on the assumption that 
free volume decreases linearly with temperature, and the glass transition temperature (Tg) was 
defined as the point where the thermal expansion coefficient undergoes a discontinuity, with 
thermal motions becoming extremely slow.  
Experiments on FTIR and DSC confirmed that the secondary conformation of pressure 
treated soy glycinin with twelve disulphide linkages (Kinsella, 1979; Wolf, 1993) has been 
unfolded considerably at low to intermediate solid levels (30 - 60%). In contrast, calorimetric 
studies on the denaturation patterns of soy glycinin systems under high pressure witnessed a 
decrease in the percentage of unfolding with rising solid content in formulations, i.e. 70 and 
80% (Figure 7.1). FTIR further confirmed this finding indicating unfolding of the glycinin 
secondary conformation at low to intermediate solid levels (30 - 60%). Cooling to subzero 
temperatures and theoretical modelling of the 80% glycinin system that has been prior 
pressurised reveals similar vitrification patterns to those of the thermally treated materials. 
It appears that disulphide bonds are involved in the pressure stability of globular 
proteins. Thus, whey protein with two disulphide bonds (beta-lactoglobulin molecule) is the 
most affected globular protein under pressure. However, ovalbumin with one disulphide 
linkage (Doi and Kitabatake, 1997; Iametti et al., 1998) shows DSC and FTIR data that do not 
follow that trend in Figure 7.1. Ovalbumin is denatured at 10 and 20% solids but retains a 
stable secondary conformation at intermediate and high levels of solids comprising mainly 
beta sheets in the condensed pastes, as for the native morphology. Overall, the extent of 
ovalbumin’s denaturation falls between that of BSA and soy glycinin. Results from this study 
in combination with previous work on whey protein show that the resistance of globular 
proteins to high pressure is ranked as follows: 
 
BSA > Ovalbumin > Soy Glycinin > Whey Protein 
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The high-interaction energy associated with disulfide bonds has an impact on protein 
characteristics during pressurised treatment, with BSA, soy glycinin and whey protein at 
seventeen, twelve and two disulphide bonds (Huppertz et al., 2004; McClements et al. 1993; 
Turgeon et al., 1992), respectively, withstanding to a variable extent the pressure circle in our 
preparations. It appears that ovalbumin with one disulphide linkage does not follow this 
pattern, an outcome that raises the issue of the additional effect of surface hydrophobicity on 
the globular molecule.  
Surface hydrophobicity has been considered to be one of the characteristics of the 
protein molecule being most likely to affect its functional properties (Haskard and Li-Chan, 
1998). The surface hydrophobicity values for soy glycinin and whey protein have been 
reported to be limited due to their close packed globular conformation and low molecular 
flexibility (Moro et al., 2001; Wagner and Gueguen, 1999). In contrast, the surface 
hydrophobicity of ovalbumin has been stated as high, but nevertheless these values were 
lower than those reported for BSA (Cardamone and Puri, 1992; Scarsi et al., 1999). In Figure 
7.1, BSA with the highest surface hydrophobicity (S0 = 2200) (Haskard and Li-Chan, 1998;  
Kato and Nakai, 1980) is unable to retain water in the vicinity of the molecule and, therefore, 
retains secondary conformation because this scarcity of a hydration layer restricts transferring 
of water molecules to the protein interior, which is the molecular mechanism of pressure 
induced protein denaturation.  
Further, ovalbumin has a hydrophobicity value of S0 = 100 (Mine et al., 1991; Kato 
and Nakai, 1980), followed by relatively comparable estimates for whey protein (S0 = 35) 
(Moro et al., 2001; Kato and Nakai, 1980) and soy glycinin (S0 = 2.5) (Wagner and 
Gue´guen, 1999; Kato and Nakai, 1980). The relatively high hydrophobicity of ovalbumin 
agrees well with its increased resistance to denaturation under high pressure, as compared to 
whey protein and soy glycinin in Figure 7.1. Both phenomena, i.e. disulphide linkage and 
surface hydrophobicity combine to produce the observed behaviour in phase morphology of 
globular proteins in relation to high pressure treatment.   
Once the structural and mechanical properties of globular proteins under high pressure 
were studied, our efforts turned into the survival rate of foodborne pathogens (Staphylococcus 
aureus, Bacillus cereus and E. coli) and proteolytic activity of degradative enzymes from 
Pseudomonas fluorescens strains 73 and 113, with the view to approximating product 
applications. Use of high pressure (600 MPa for 15 min at room temperature) resulted in 
considerable reduction of foodborne pathogens. Moreover, patterns of declined proteolytic 
activity of proteases with pressurization were observed in all bovine serum albumin, soy 
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glycinin and ovalbumin systems throughout the experimental concentration range. All protein 
systems at high level of solids (80%, w/w) had an overall reduction in proteolysis and 
microbial count for both atmospheric and pressurized samples, as compared to the materials 
with 10% solids content. It should be noted that among the three protein systems examined in 
this Thesis, soy glycinin with the highest water holding capacity exhibits increased protease 
and microbiological activity, as compared to BSA and ovalbumin systems. 
This work suggests opportunities for optimal utilisation of high-pressure treated 
protein pastes in starch or dairy based formulations of functional foods in an effort to initiate 
replacement of thermally treated dairy powders with limited bio-functionality. In the future, it 
would be useful to support experimental data on the stability of condensed globular protein 
systems under high pressure with estimation of the extent of retaining bioactivity obtained 
using purely biological techniques (e.g. ELISA rapid tests). Further work on the subject 
should focus on the behaviour of globular protein systems in the presence of co-solute, such 
as lactose, glucose syrup or polydextrose, and mixtures of proteins with polysaccharides as it 
has been implemented with great success in thermally treated preparations. 
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Figure 7.1 
 
 
Figure 7.1 Extent of denaturation in pressurized whey (▲), BSA (∆), soy glycinin () and 
ovalbumin () systems  
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